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TEANSLATOI^S'  PEEFACE. 


In  undertaking  this  translation  we  have  been  actuated  by 
a  desire  to  make  Lothar  Meyer's  '  Moderne  Theorien  der 
Chemie '  as  accessible  to  the  English  student  of  chemistry 
as  it  is  to  his  contemporary  in  Germany.  The  original  has 
already  passed  through  four  editions ;  and  if  testimony  were 
needed  as  to  the  esteem  in  which  this  book  is  held,  it  can 
sm-ely  be  found  in  the  fact  that  no  sooner  had  the  fourth 
edition  been  completed  than  a  fifth  was  demanded. 

The  character  of  the  work  is  such  that  we  felt  convinced 
that  duty  demanded  we  should  make  our  translation  as  far  as 
possible  a  reproduction  of  the  original,  and  with  this  convic- 
tion we  have  throughout  adhered  closely  to  the  text. 

Our  original  mtention  had  been  to  publish  a  translation 
of  the  fourth  edition,  and  the  greater  portion  of  the  work 
had  already  been  completed  when  the  appearance  of  the  fifth 
edition  required  a  revision  of  the  first  two  parts  and  a 
retranslation  of  the  third.  These  facts,  together  with  other 
circumstances,  have  combined  to  delay  the  publication. 

The  scope  of  the  work  is  sufficiently  explained  in  the 
Author's  Preface  to  the  Fourth  Edition,  a  translation  of  which 
will  be  found  on  p.  vii.  We  have  not  deemed  it  necessary  to 
publish  also  the  brief  preface  to  the  fifth,  in  which  the  author 
has  simply  stated  the  conditions  which  led  to  the  rapid  suc- 
cession of  these  editions,  and  has  noted  the  points  in  which 
the  fifth  differs  from  its  immediate  predecessor.   These  are  as 
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follows  :  in  the  first  part  the  use  of  the  atomic  weights  recal- 
culated by  the  author  and  Dr.  Seubert ;  the  second  part  has 
been  shortened  to  some  extent ;  and  in  the  third  part  con- 
siderable changes  have  been  made,  especially  in  those  portions 
relating  to  the  thermal  phenomena  accompanying  chemical 
changes,  and  also  in  the  chapters  devoted  to  the  action  of 
mass. 

During  the  passage  of  the  book  through  the  press  we  have 
been  able  to  make  a  few  additions,  such  as  the  determination 
of  the  vapour  density  of  potassium  iodide  by  Victor  Meyer,  the 
result  of  which  has  been  introduced  into  the  table  of  vapour 
densities  and  molecular  weights,  p.  42.  The  interesting 
results  of  the  investigations  of  V.  Meyer  and  J.  Menschmg 
{Ber.  d.  deut.  chem.  Ges.,  xx.  1833)  on  the  behaviour  of  phos- 
phorus, arsenic,  and  antimony  at  a  white  heat  have  been 
published  so  recently  as  to  make  it  impossible  to  include  them 
in  the  table  on  p.  28.  A  short  statement  of  these  results  is, 
however,  to  be  found  amongst  the  addenda,  where  will  also  be 
found  some  account  of  the  determinations  of  the  physical 
constants  of  Germanium  and  of  its  compounds. 

In  conclusion  we  would  express  our  gratitude  to  Mr. 
Saville  Shaw  and  others  for  the  aid  so  kindly  given  in  revising 
the  sheets  for  the  press. 

The  Tbanslatoks. 


October  1887. 


AUTHOR'S  PREFACE 


TO  THE  FOURTH  EDITION. 


When,  in  the  year  1862,  I  undertook  this  work,  it  waa  with 
the  desire  and  hope  that  its  pubHcation  might  contribute  to 
the  removal  of  the  doubts  and  uncertainties,  so  frequently 
expressed  at  that  time,  as  to  the  character  of  the  views  and 
theories  then  contending  for  supremacy  in  chemistry.  It  was 
my  firm  conviction  that  the  confusion  in  the  discussions  of 
that  time  chiefly  arose  from  erroneous  views  as  to  the  im- 
portance of  hypotheses  and  theories,  upon  which  some  were 
inclined  to  place  too  high  a  value,  whilst  others  again  did 
not  sufiiciently  recognise  their  true  importance.  The  chief 
aim  of  my  undertaking  was  to  show  that  hypotheses  and  the 
theories  based  upon  them  are  necessary  aids  to  chemical  in- 
vestigation, and  at  the  same  time  to  assign  to  them  their  true 
value  and  place  them  in  a  position  similar  to  that  which  they 
occupy  in  theoretical  physics.  In  this  way  I  had  hoped  to 
prepare  the  way  for  the  further  development  of  theoretical 
chemistry,  and  at  the  same  time  to  make  the  more  recent 
results  accessible  to  wider  circles ;  but  when,  two  years  later, 
after  having  for  the  third  time  revised  the  manuscript,  it  was 
handed  to  the  printer,  I  felt  that  the  work  would  possibly  be  of 
service  to  those  men  of  science  who  had  not  specially  devoted 
themselves  to  chemistry,  but  I  seriously  doubted  whether 
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it  might  prove  useful  to  chemistry  or  its  representatives. 
Being  fully  aware  that  a  work  dealing  with  theoretical  matters 
alone  was  in  direct  opposition  to  the  prevailing  custom,  which 
permitted  only  a  few  careful  speculations  and  theoretical 
considerations  to  be  mentioned  in  connection  with  the  results 
of  experimental  investigation,  and  although  no  pains  had 
been  spared,  I  yet  entertained  grave  doubts  as  to  whether  the 
result  was  such  that  my  colleagues  would  be  ready  to  extend 
due  consideration  to  one  who  had  thus  shown  so  little  regard 
for  the  accepted  custom.  Furthermore,  the  book  appeared  to 
me  not  sufficiently  thorough,  but  ill-supplied  with  positive 
contents,  so  much  so  that  I  abandoned  my  original  idea  of 
dedicating  it  to  my  honoured  teacher. 

The  manner  in  which  this  book  has  been  received  amongst 
chemists  of  every  section  and  party  has  satisfied  me  that  my 
doubts  arose  to  a  large  extent  from  anxiety.  1  had  been 
frequently  assured  that  an  account  by  an  impartial  critic, 
and  a  careful  selection  of  the  various  theories  which  had 
either  ruled  or  striven  for  rule  at  different  periods  in  the 
history  of  chemistry,  would  exactly  meet  the  requirements 
of  chemists  at  that  time,  and,  therefore,  prove  acceptable  to 
them.  I  am  not  in  a  position  to  judge  whether  in  what  I 
have  done  my  object  has  been  fully  realised. 

The  aim  of  the  first  edition  was  an  ephemeral  one,  as  I 
had  attempted  therein  to  clear  away  the  doubts  and  uncertain- 
ties surrounding  the  views  held  by  chemists,  and  at  the  same 
time  to  give  to  others  interested  in  the  science  an  account 
such  as  would  lead  to  an  understanding  of  the  change  through 
which  the  system  of  chemistry  has  just  passed.  The  character 
of  the  book  was  naturally  determined  by  the  aim ;  it  appeared 
doubtful  whether  at  any  fature  time  a  second  edition  would 
be  required,  or  even  whether  it  would  be  advisable  to  publish 
one.  But,  as  there  was  still  a  demand  for  the  book  m  its 
first  form,  although  the  edition  had  been  for  many  years  ex- 
hausted, I  consented,  in  compliance  with  the  wishes  expressed 
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by  the  publishers,  to  the  appearance  of  the  second  and  thkd 
editions. 

To  make  the  present  edition  more  suited  to  the  require- 
ments of  the  time,  a  complete  revision  and  rewriting  of  much 
has  been  necessary,  and  in  it  I  have  on  the  one  hand  at- 
tempted to  give  an  account  of  the  latest  developments  of 
chemical  theories,  and  on  the  other  have,  by  the  introduc- 
tion of  the  more  important  empirical  data,  sought  to  make 
the  theoretical  conclusions  arrived  at  by  their  aid  easier  to 
follow  and  the  causes  leading  to  their  foundation  clearer. 
The  book  has,  therefore,  assumed  more  the  character  of  a 
text-  or  hand-book  ;  to  make  it  one  entirely  of  this  description 
did  not  appear  to  me,  at  any  rate  for  the  present,  advisable. 
To  add  to  its  value  as  a  handbook  and  book  of  reference 
I  have  divided  it  into  distinct  sections,  a  plan  which  was  not 
adopted  in  the  first  edition,  excepting  so  far  as  to  separate  the 
mtroduction  and  conclusion  from  the  rest  of  the  book.  The 
number  of  the  sections  in  this  edition  has  been  almost  doubled, 
and  these  are  grouped  into  three  books,  the  first  dealing  with 
atoms  and  their  properties,  the  second  with  the  Statics  of 
the  atoms,  or  the  doctrine  of  the  equilibrium  of  the  atoms  in 
their  combinations  with  one  another,  and  the  third  with  the 
dynamics  of  the  atoms  or  the  doctrine  of  chemical  change. 
This  mode  of  subdivision  has  necessitated  transferring  the 
ninth  section  of  the  work  to  the  first  book,  as  Section  V.  In 
consequence  of  this  and  other  changes  the  numbers  attached 
to  the  paragraphs,  from  §  34  on,  have  been  altered.  To 
aid  in  referring  to  previous  editions,  the  numbers  represent- 
ing the  paragraphs  of  the  third  edition  have  been  allowed 
to  remain,  where  the  contents  of  the  paragraphs  have  re- 
mained practically  unaltered  :  these  numbers  are  enclosed  in 
brackets  ;  new  paragraphs  have  only  one  number  attached. 

This  work  was  originally  published  under  the  title  '  The 
Modern  Theories  of  Chemistry,'  which  has  been  retained  for 
the  successive  editions,  despite  the  fact  that  doubts  have  been 
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expressed  as  to  its  suitability.    It  is  scarcely  necessary  for 
me  to  exjplain  that  I  considered  the  title  not  as  a  matter  of 
fashion,  but  used  the  expression  '  modern  '  in  contradistinction 
to  '  antique  '  or  '  old,'  as  is  usual  in  the  history  of  Art  and  of 
Science.  Such  a  distinction  existed  without  doubt  at  the  time 
of  the  publication  of  the  hrst  edition,  a  distinction  as  sharply 
defined  as  that  existing  between  ancient  and  modern  Art  and 
Culture.    Although  I  may  still  believe  that  the  title  was  not 
unsuitably  chosen,  yet  I  do  not  in  the  least  agree  with  the 
use  of  the  term  'modern'  when  referring  to  'chemistry,'  but 
only  as  I  have  used  it  in  reference  to  the  '  theories ' ;  for  m 
my  opinion  no  change  has  been  effected  in  chemistry  in  the 
last  hundred  years,  with  perhaps  the  single  exception  of  the 
passage  from  the  phlogistic  to  the  antiphlogistic  system, 
which  has  been  of  so  revolutionary  a  character  as  to  justify  a 
line  of  demarcation  between  an  old  and  a  new  or  modern 
chemistry.    The  transition  from  the  dualistic  to  the  unitary 
system,  despite  the  numerous  alterations  it  entailed,  does  not 
certainly  justify  such  a  separation;  for  the  most  essential 
scientific  results  and  the  methods  of  investigation  have  re- 
mained unaltered,  or  have  gradually  and  steadily  developed. 
The  fact  that  some  of  the  old  hypothetical  views  are  now 
discarded,  whilst  others  meet  with  general  recognition,  can 
scarcely  be  regarded  as  forming  sufficient  ground  for  speaking 
of  the  chemistry  of  to-day  as  a  modern  science,  as  opposed 
to  that  which  was  taught  m  the  first  half  of  this  centm-y; 
whilst  at  all  events  between  the  theories  accepted  at  the 
present  time  and  those  of  the  same  period  such  a  sharply 
defined  distinction  certainly  does  exist.    I  intended  on  a 
former  occasion  to  draw  attention  to  this,  in  my  opinion, 
unjustifiable   transference  of  the   term   modern  from  the 
theories  to  chemistry  itself,  but  have  not  done  so,  as  I 
found  that  a  similar  application  had  already  been  made  at 
the  period  of  transition  from  the  phlogistic  to  the  anti- 
phlogistic  system.     Lavoisier's    antiphlogistic  views  were 
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published  under  the  title  '  Traite  Elementaire  de  Chimie  pre- 
sentee dans  un  ordre  nouveau  et  d'apres  les  decouvertes 
modernes,'  whilst  a  few  years  later  Fourcroy  gave  to  his  work 
the  title  '  Philosophie  Chimique,  ou  Verites  Fondamentales  de 
la  Chimie  Moderne.'  Both  methods  of  using  the  word  '  modern ' 
have,  therefore,  a  certain  historical  justification,  which  is  all 
the  more  deserving  of  attention  as  a  certain  similarity  between 
the  conditions  at  the  end  of  the  fifth  and  the  beginning  of  the 
sixth  decade  of  this  century  and  those  prevailing  at  the  end 
of  the  last  century  is  not  to  be  over  looked.  ^ 

In  this,  as  in  former  editions,  the  most  important  re- 
ferences to  the  literature  are  given,  with  a  view  to  aid  m  a 
more  comprehensive  study  of  the  subject.  In  this  edition  a 
certain  amount  of  restriction  has  been  necessary,  as  it  is  im- 
possible to  cite  in  every  case  all  the  workers  who  have  been 
successfully  engaged  in  a  particular  subject.  Eeferencep  are  not 
given  where  the  empirical  data  can  be  obtained  from  text-  or 
hand-books,  or  from  the  '  Jahresberichte,'  but  when  the  in- 
formation is  not  so  easily  attainable  the  sources  are  given 
as  comijletely  as  possible.  I  have  done  my  utmost  to  trace 
theoretical  deductions  to  their  true  originator,  without  attempt- 
ing in  every  case  to  state  where  and  when  they  were  first 
pubhshed.  In  the  case  of  the  introduction  of  general  rules 
and  leading  principles  into  the  science,  I  have  considered  it 
necessary  to  mention  only  those  authors  who  were  either  the 
first  to  enunciate  such  principles  or  to  have  extended  them, 
or  first  clearly  indicated  their  import,  and  have  thought  it  un- 
necessary, as  it  is  almost  impossible,  to  cite  each  of  those  who 
have  applied  such  general  rules.  Thus,  for  example,  mention 
has  been  made  of  the  works  which  have  been  of  special  service 
in  establishing  the  validity  of  the  general  princii^les  upon 

'  Die  Entwickcluyig  der  modcrncn  Chemic,  Braunschweig,  1879,  p.  34. 
Herr  Albrecht  Bau  has  in  an  inconceivable  manner  misunderstood  these 
remarks,  which  appeared  in  the  preface  to  the  second  edition  of  this  book,  and 
would  have  it  believed  that  I  had  sought  to  make  a  comparison  between  an 
individual  from  among  the  '  men  of  modern  chemistry  '  with  Lavoisier, 
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which  the  determination  of  the  atomic  weights  are  based,  but 
I  have  not  cited  all  the  investigations,  however  valuable  they 
may  be,  which  have  contributed  to  the  recognition  of  the 
utility  of  these  rules  and  their  application  in  the  case  of 
certain  elements.  In  like  manner  I  have  scarcely  deemed  it 
necessary,  save  in  a  few  special  cases,  to  mention  when  each 
single  application  of  the  law  of  atomic  linking  was  first  made. 
It  is  scarcely  possible  to  attain  to  completeness  in  references 
of  this  kind,  and  absolute  certainty  could  only  be  arrived  at 
by  the  expenditure  of  time  and  trouble  altogether  out  of  pro- 
portion to  the  result.  I  may  be  allowed  to  express  the  hope 
that  I  have,  on  the  whole,  succeeded  in  assigning  the  right 
proportion  to  each  section,  though  from  the  very  first  I 
doubted  whether  my  colleagues  would  agree  with  me  in  the 
amount  of  space  devoted  to  the  section  dealing  with  the  forms 
of  combination  and  the  Imking  of  the  atoms ;  in  fact,  the 
suggestion  has  been  made  that  I  have  paid  too  little  attention 
to  the  part  taken  by  some  mvestigators  in  the  development 
of  the  theories  relating  to  the  constitution  of  organic  com- 
pounds. 

My  reply  to  this  suggestion  is  that  it  was  never  my  in- 
tention to  write  a  history  of  organic  chemistry,  but  simply 
to  sketch  the  development  of  certain  well-defined  theories, 
which  after  long-continued  opposition  at  last  have  obtained 
general  recognition.  The  origin  and  the  development  of  the 
majority  of  the  theories  dealt  with — e.g.  Dalton's  atomic 
theory,  Avogadro's  hypothesis,  Dulong  and  Petit's  law— are 
easily  grasped  and  can  be  presented  historically  in  a  few  short 
sentences.  This  is  by  no  means  the  case  with  the  develop- 
ment of  the  type  system  and  of  the  theory  of  atom-linkmg, 
neither  of  which  has  been  the  result  of  a  special  series  of 
observations,  nor  could  either  have  at  once  attained  its 
present  completeness.  They  are  rather  the  slowly- matured 
fruit  of  much  experimental  investigation  than  of  theoretical 
speculation.    Their  growth  and  development  is  not  more 
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the  result  of  the  investigations  and  arguments  of  their 
founders  than  of  the  conditional  and  unconditional  op^josi- 
tion  of  their  opponents,  so  that  every  chemist  who  has  taken 
part  in  the  advance  of  chemistry,  especially  of  organic  chemis- 
try, has  contributed,  directly  or  indirectly,  to  the  development 
of  these  theories.  Although  this  fact  has  not  been  passed 
over  in  the  text,  it  is  neither  expressly  stated  nor  is  it  evident 
from  the  references  given. 

To  make  the  representations  perfectly  clear,  not  only 
would  considerable  additions  be  required  to  the  already  large 
stock  of  experimental  data,  but  it  would  also  necessitate  more 
lengthy  discussions,  and  such  discussions  themselves  would 
involve  special  difficulties  from  the  different  positions  assumed 
by  individual  chemists  toward  theoretical  speculations.  Many 
of  those  observers  whose  work  has  opened  up  quite  new 
provinces,  by  which  theoretical  chemistry  has  largely  bene- 
fited, have  preferred  either  to  suppress  the  speculations  upon 
which  their  investigations  were  based,  or,  only  touching  lightly 
upon  these,  to  leave  the  reader  to  draw  the  theoretical  con- 
clusions to  be  deduced  from  the  new  discoveries.  Again,  the 
conclusions  of  many  are  set  forth  in  expressions  and  formulae 
to  which  special  meanings  were  attached,  and  which  to-day 
are  only  to  be  interpreted  with  great  difficulty  and  labour.  In 
fact,  for  a  long  time  chemical  terminology  was  in  a  state  of 
confusion,  the  same  word  being  frequently  emploj^ed  by 
different  parties  with  exactly  opposite  meanings.  This  would 
necessitate,  therefore,  a  thorough  discussion  of  the  mode  of 
expression  of  the  various  times  and  systems  and  a  translation 
of  this  language  into  that  of  the  present  day.  Further, 
opposition  has  arisen  and  disappeared  not  only  in  literary 
polemics,  but  has  frequently  been  the  result  of  mere  per- 
sonal exchange  of  opinion.  All  these  conditions  combine 
to  make  a  complete  and  true  representation  of  the  history  of 
the  development  of  the  theory  of  atomic  linking,  despite  its  at- 
traction, an  extremely  difficult  task,  and  one  which,  although 


xiv  MODERN  THEORIES  OF  CHEMISTRY 

not  impossible  in  the  present  generation,  still  would  require 
more  time  and  space  than  are  at  my  disposal.  With  these 
considerations,  therefore,  I  have,  although  unwillingly,  relin- 
quished the  attempt  to  give  an  account  of  this  history,  and 
in  the  sketch  thereof  have,  as  in  the  first  edition,  mentioned 
only  those  investigators  from  whom  the  theory  obtained  a 
fixed  and  definite  form,  others  being  mentioned  only  when 
examples  have  been  taken  from  their  works. 

The  most  important  changes  in  this  edition  arise  from  the 
introduction  of  a  thu-d  book  dealing  with  the  dynamics  of  the 
atoms,  thus  completing  chemical  mechanics.  I  have  been 
led  to  make  this  addition  despite  the  fact  that  I  still  hold  to 
some  extent  the  views  expressed  m  the  preface  to  the  second 
edition  as  to  the  unripeness  of  this  portion  of  the  science,  a 
condition  which  has  made  it  difficult  to  decide  upon  its  intro- 
duction into  my  book.  But,  as  it  appeared  to  me  that 
sufficient  reliable  data  were  to  be  found  to  enable  me  to  give 
an  outline  which  at  some  future  time,  by  the  introduction  of 
the  results  of  further  investigations,  would  form  a  complete 
edifice,  I  have  not  refrained  from  attempting  the  difficult  but 
at  the  same  time  interesting  task.  In  carrying  out  the  enter- 
prise 1  certainly  found  the  work  beset  with  greater  difficulties 
than  I  ever  imagined.  Frequent  changes  have  been  made  in 
the  selection  and  arrangement  of  the  material,  and  many 
matters  which,  after  much  consideration,  I  have  deemed  it 
advisable  to  omit,  have  caused  as  much  trouble  and  thought 
as  that  which  now  forms  a  portion  of  the  work.  As  amid 
the  labours  of  the  session  I  have  not  been  able  to  obtain 
leisure  sufficient  for  the  collection,  sifting,  and  elaboration 
of  this  material,  and  the  vacation  has  had  to  serve  other 
purposes,  the  pubhcation  of  the  third  book  of  this  work  has, 
to  the  disappointment  of  the  publishers  and  of  myself,  been 
greatly  delayed.  Had  I  foreseen  the  delay,  I  should  have 
preferred  publishing  the  first  two  books  in  one  volume  and 
making  the  third  into  a  second  volume.    At  the  end  of  the 
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work  are  to  be  found  notices  of  a  few  changes  necessitated, 
since  the  pubhcation  of  the  first  two  books. 

The  separate  sections  of  the  third  book  are  very  unequal 
in  contents  and  extent,  and  this  for  various  reasons.  In  those 
cases  where  the  theoretical  consideration  of  the  matter  has 
allowed  it,  I  have  contented  myself  with  a  short  account  of 
the  same  without  introducing  the  various  details,  leaving  to 
the  reader  the  application  of  the  theory  to  special  cases. 
When  the  representation  appeared  to  be  the  immediate  out- 
come of  the  results  of  observation,  I  have  not  introduced 
the  latter  when  they  could  be  found  collected  together  in 
other  works,  but  have  preferred  to  refer  the  reader  to 
these  works.  This  has  been  done  in  the  case  of  thermal 
actions  of  various  kinds,  for  which  I  can  refer  the  reader 
to  Thomsen's  original  work,  and  also  the  account  of  these 
phenomena  given  by  Naumann  and  H.  Jahn.  I  have  not 
made  any  use  of,  but  have  entu-ely  excluded,  all  matters  which 
appeared  to  me  not  sufficiently  ripe  for  theoretical  conclusions, 
and  amongst  such  belong  many  of  the  thermochemical  data 
which,  although  indicating  certain  relationships,  are  despite 
this  at  the  present  time  of  value  only  as  em]Dmcal  data,  which 
cannot  with  any  degree  of  certainty  be  made  to  form  the 
basis  of  theoretical  conclusions.  To  this  class  of  material 
belong  also  the  numerous  photochemical  observations  which, 
despite  their  practical  importance  and  much  that  is  remark- 
able and  attractive  in  them,  are  not  capable  of  theoretical 
handling,  as  are  the  measurements  made  by  Bunsen  and 
Roscoe. 

In  two  sections  only  have  I  made  considerable  use  of  ex- 
perimental data,  viz.  that  dealing  with  electrolysis  and  that 
with  the  action  of  mass.  Although  there  are  works  which 
are  devoted  entirely  to  electrolysis  and  allied  subjects,  stih  I 
have  not  been  able  to  make  use  of  these  nor  to  refer  to  them, 
as  they  are  as  a  rule,  even  in  the  case  of  the  work  of  G. 
"Wiedemann,  written  from  the  physical  standpoint  for  physicists, 
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and  not  for  chemists,  where  the  dependence  of  the  phenomena 
upon  the  material  nature  of  the  bodies  taking  part  in  the 
changes  should  form  the  chief  consideration.  For  this  reason 
I  have  been  obliged  to  refer  back  to  the  original  in  the 
case  of  almost  every  fact  made  use  of,  in  order  to  form  a 
reliable  judgment  as  to  their  adaptability  for  theoretical  con- 
clusions. I  may  perhaps  be  allowed  to  express  the  hope 
that  this  collection  of  the  facts  made  for  the  special  use  of 
chemists  may  not  prove  unwelcome  to  physicists,  and  that 
the  many  wants  it  indicates,  and  the  doubts  which  it  gives 
rise  to,  may  serve  as  an  incentive  to  further  investigation. 
On  the  other  hand  it  may  also  serve  to  induce  chemists  to 
again  take  up  the  investigation  of  this  long-neglected  and 
important  subject,  joming  issue  with  those  physicists  who 
have  recently  pursued  it  with  such  important  results.  For 
only  by  a  joint  application  of  chemical  and  physical  methods 
of  investigation  will  it  be  possible  to  obtain  a  clear  insight 
into  electrochemical  phenomena,  which  are  as  interesting  as 
they  are  important. 

The  section  devoted  to  the  Influence  of  Mass  is  likewise 
replete  with  experimental  data,  the  reason  being  that  no  such 
collection  exists  of  the  results  of  investigations  obtained  in 
this  department,  a  field  of  investigation  too  little  regarded  by 
chemists  at  the  present  time,  and  in  which  the  next  develop- 
ment of  the  science  will  doubtless  be  made.  When,  some 
twenty  years  ago,  I  drew  attention  to  the  necessity  for  con- 
tinuing the  investigations  of  Berthollet,  my  remarks  received 
but  little  attention,  for  other  matters  then  awaited  solution. 
The  beginnings  of  a  new  doctrine  of  affinity,  which  doubtless 
belongs  to  the  future,  are  gradually  being  evolved  from  the 
results  obtained  in  the  study  of  the  action  of  mass.  The 
state  of  the  science  at  present  more  nearly  resembles  the  con- 
dition of  a  hundred  years  ago  than  the  majority  of  chemists 
imagine.  The  latest  development  of  organic  chemistry, 
especially  since  the  great  activity  in  the  dye  and  colour 
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iiiclustnes,  resembles  the  last  stage  of  the  phlogistic  period, 
when  new  compounds  of  great  importance  were  being  con- 
tinually discovered,  but  the  quantitative  relations  between 
the  bodies  used  in  their  preparation  were  considered  only 
as  they  influenced  the  yield  of  the  product  sought.  As 
Lavoisier  introduced  weight  and  measure  into  the  chemistry 
of  the  phlogistians,  so  will  the  new  doctrine  of  the  action  of 
mass  determine  the  direction  of  the  science  in  the  future. 
The  numerous  reactions  of  organic  chemistry  discovered  in  the 
last  decade  must  be  quantitatively  examined,  their  depend- 
ence on  mass  and  temperature  exactly  determined  ;  secondary 
reactions  must  be  avoided,  or  likewise  be  the  subject  of 
qualitative  and  quantitative  examinations :  in  short,  the 
qualitative  period  of  organic  chemistry  must  be  followed  by 
one  in  which,  as  has  happened  in  inorganic  chemistry,  not 
only  the  compounds  but  also  the  reactions  themselves  will  be 
examined  quantitatively.  In  order  to  direct  the  attention  of 
my  colleagues  to  this  change  of  front,  the  most  important 
of  the  material  already  obtained  has  been  collected  together 
and  somewhat  exhaustively  treated.  So  soon  as  these  results 
find  their  way  into  the  ordinary  text-books  I  shall  be  able  to 
omit  these  details  from  a  future  edition,  and  can  then  devote 
the  space  to  a  discussion  of  the  general  theory  and  its 
limitations. 

From  the  nature  of  the  subject  the  first  attempt  to  make 
a  sketch  of  Chemical  Dynamics  must  necessarily  be  very 
incomplete.  Despite  the  time  and  trouble  expended  on  it,  I 
simply  look  upon  what  I  have  done  as  nothing  more  than  an 
outHne,  and  trust  the  reader  will  regard  it  in  the  same  Hght, 
and  judge  accordingly. 

Tubingen,  April  1883. 
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Some  sixty  years  have  elapsed  since  Claude  Louis  Berthollet 
published  to  the  scientific  world  his  classical  work,  'Essai  de 
Statique  Chunique.'  i  The  object  of  this  work  was  to  show 
that  all  the  various  chemical  phenomena  may  be  deduced  from 
distmct  unalterable  fundamental  properties  of  matter,  just  as 
astronomy  has  shown  the  celestial  phenomena  to  be  dependent 
upon  the  siugle  prmciple  of  universal  gravitation. 

Berthollet  started  with  the  supposition  that  the  reciprocal 
attraction  of  matter,  which  has  been  known  as  affinity  since 
the  infancy  of  the  science  of  chemistry,  is  probably  a  phase  of 
the  same  fundamental  property  of  matter  as  that  to  which 
universal  gravitation  owes  its  origin.  That  the  action  of 
affinity  appears  much  more  complicated  than  that  of  gravity 
he  thought  might  be  explained  by  the  close  proximity  of  the 
substances  reacting  upon  one  another.  For  m  this  case, 
owing  to  the  mmute  distance  separating  the  reactmg  sub- 
stances, the  phenomena  are  influenced  not  only  by  the  mass 
and  distance  of  the  smallest  particles  or  molecules  but  also 
by  their  form,  their  distances  from  one  another  and  the 
peculiar  conditions  under  which  they  exist.  To  the  influence 
of  these  special  conditions,  generally  unknown  to  us,  Berthollet 

'  Paris,  1803. 
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attributes  our  inability  to  deduce  chemical  phenomena  from 
one  general  principle  as  is  done  in  the  case  of  astronomical 
phenomena.  Although  a  large  number  of  cases  of  the  action 
of  affinity  had  been  investigated,  still  it  was  only  possible  to 
submit  a  few  of  these  to  the  critical  methods  of  calculation. 
Hence,  chemists  are  compelled  to  observe  phenomena  step  by 
step  ;  nevertheless,  it  is  to  be  expected,  that  as  the  principia 
deduced  from  such  observations  become  more  general,  they 
will  more  nearly  resemble  the  principles  of  mechanics.  Ob- 
servation alone  must  lead  to  this  stage  of  perfection,  which 
may  now  be  regarded  as  the  goal  to  be  attained. 

If  we  acknowledge  the  object  of  all  natural  science  to  be 
the  explanation  of  the  causal  connection  of  phenomena  in 
such  a  manner  that  the  resulting  phenomena  can  in  all 
possible  cases  be  predicted  from  the  given  conditions,  then  the 
object  proposed  by  Berthollet  is  assuredly,  for  chemistry,  the 
summit  to  the  attainment  of  which  all  efforts  must  finally  be 
directed.  The  object  remains  unchanged  even  if  BerthoUet's 
supposition,  that  gravitation  and  affinity  are  of  similar  origin, 
cannot  be  justified.  If  chemical  phenomena  are  not  to  be 
regarded  as  resulting  from  the  actions  of  chance,  then  it  must 
be  acknowledged  that  they  are  subservient  to  the  general  prm- 
ciples  of  mechanics,  to  the  laws  of  equilibrium  and  of  motion ; 
and  that  '  the  curve  described  by  a  single  atom  is  as  fixed  as 
the  path  of  a  planet,  and  between  the  two  cases  no  other 
difference  exists  save  that  resulting  from  our  ignorance.' ' 
Hence,  the  highest  and  final  aim  of  all  chemical  investigation 
must  be  the  development  of  chemical  statics  and  mechanics  ; 
the  doctrine  of  equilibrium  of  chemical  forces  and  of  the 
motion  of  matter  under  their  influence.  Possessed  of  the 
knowledge  of  the  general  principles  of  these  doctrines,  it  will 
then  be  possible  to  predict  from  given  conditions,  the  result  of 


'  Laplace,  Essai  philosopJiiq^iie  sur  les  probabiliUs :  3me  6d.  Pans, 
p.  6. 
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their  action  in  any  particular  case.  Thus  the  science  will 
have  attained  the  state  of  perfection  which  Berthollet  had  in 
view. 

For  the  attainment  of  this  object  it  is  necessary,  first  to 
solve  the  converse  problem,  viz.  to  discover  and  measure  those 
quantities  which,  in  the  various  phases  of  each  phenomenon, 
remain  unaltered  under  all  circumstances.  Further,  to  dis- 
cover the  laws  expressing  the  dependency  of  the  phenomenon 
on  these  constants  and  on  external  conditions.  Hence  Ber- 
thollet's  demand  that  phenomena  should  be  followed  step  by 
step,  for  a  general  theory  cannot  be  elaborated  until  a  large 
and  specially  chosen  number  of  phenomena  have  been  em- 
pu-ically  and  logically  analysed.  From  the  thorough  study 
of  the  phenomena  and  of  the  conditions  under  which  they  take 
place,  and  aided  by  the  general  ideas  so  obtained,  it  is,  as  a 
rule,  a  comparatively  easy  task  to  predict  single  phenomena 
with  or  without  the  aid  of  mathematics. 

A  review  of  the  development  of  chemistry  since  BerthoUet's 
time  shows  that  at  any  rate  a  wide  range  of  material  has 
been  submitted  to  investigation,  and  an  extraordinarily  large 
number  of  facts  added  to  our  knowledge.  It  cannot,  however, 
fail  to  be  noted  that  but  a  small  proportion  of  these  have  been 
so  thoroughly  studied  as  to  allow  the  influence  of  every  single 
important  condition  to  be  systematically  followed,  and  thus 
render  evident  the  causal  connection  of  the  phenomena.  But 
little  advance  has  been  made  in  the  direction  which  Berthollet 
had  in  view.  Chemical  statics  appears  still  to  stand  in  the 
position  to  which  this  gifted  thinker  had  led  it.  His  great 
work  stands  in  the  midst  of  our  immensely  extended  Uterature, 
like  a  lost  landmark,  to  many  perhaps  unknown,  studied  by 
the  few,  completed  and  perfected  by  none. 

But  no  just  reproach  can  be  brought  against  chemists  on 
these  grounds.  That,  of  the  many  famous  men  who  have 
dedicated  their  whole  strength  to  chemistry,  but  few  only  have 
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endeavoured  to  follow  in  the  direction  indicated  by  Bertliollet, 
whilst  the  majority  have  forsaken  the  path  and  have  sought 
to  extend  the  science  in  totally  distmct  directions,  shows  to 
the  impartial  critic,  that  this  course  of  action  arose  from  an 
indispensable  necessity  for  the  development  of  the  science  in 
other  directions.  The  more  recent  history  of  chemistry  affords 
a  complete  justification  of  this  view.  For  a  little  considera- 
tion will  show  that  only  by  taking  a  dh'ection  exactly  opposed 
to  that  proposed  by  Bertliollet  could  chemistry  gain  the  rank 
of  an  independent  science,  a  position  to  which  it  has  scarcely 
yet  attained. 

That  the  brilliant  ideas  of  Berthollet  have  exercised  rela- 
tively so  slight  an  influence  on  the  progress  of  chemistry  can 
be  to  a  great  extent  explained  by  the  fact,  that  Berthollet 
believed  he  was  nearer  the  stage  of  development  which  he 
desired  to  attain  than  was  really  the  case.  From  the  facts 
then  known  he  was  indeed  able  to  deduce  a  considerable 
series  of  general  principles,  and  by  their  aid  could  predict  the 
nature  of  a  reaction,  provided  that  the  properties  of  the  bodies 
{i.e.  their  state  of  aggregation)  taking  part  in  and  resulting 
from  the  reaction  were  known.  But  the  relatively  small 
beginnings  of  a  chemical  statics  to  which  these  facts  led  did 
not  serve  to  satisfy  him ;  and  he,  therefore,  sought  to  intro- 
duce into  chemistry  other  principles,  taken  from  physics  and 
mechanics.  This  introduction,  although  plausible  to  some 
extent,  was  not  justified  by  the  facts  known  at  that  time,  nor 
indeed  have  later  observations  served  to  justify  it.  In  this 
way  Berthollet,  as  he  himself  afterwards  acknowledged,^  with- 
drew from  his  own  principia  and  so  brought  discredit  on  his 
correct  and  well-founded  theory. 

'  E.g.  Ann.  Chim.  Ixxvii.  p.  295  (March,  1811),  in  remarks  to  a  paper  by 
Pfaff,  Berthollet  says  :  '  J'avoue  que  je  me  suis  6cartd  de  mes  principes,  en 
regardant  la  capacity  comparative  de  saturation  comma  une  mesure  absolue  de 
ra£dnit6,'  etc.  See  also  '  Troisi^me  suite  des  recherches  sur  les  lois  deraffinit6,' 
§  xvii.  p.  288  (Mdm.  dc  VInst.  vii.  part.  i.  p.  229,  1806), 
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Berthollet  greatly  aided  our  insight  into  chemical  pheno- 
mena by  submitting  the  influence  of  the  mass  of  the  reacting 
substances  to  a  vigorous  examination.  In  many  cases  he 
showed  that  the  relative  quantities  of  the  substances  and  their 
state  of  aggregation  determme  the  character  of  the  phenomena 
by  then-  influence  upon  the  bodies  taking  part  in  the  reaction. 
These  doctrmes  of  BerthoUet  have  not  been  lost,  though  they 
are  now  regarded  more  as  useful  hmts  for  the  practice  of 
chemical  analysis  than  as  fundamental  scientific  laws. 

Berthollet  believed  it  possible  to  show  that  the  influence  of 
mass  could  be  explained  mathematically,  but  attempted  this  in 
an  unjustifiable  manner.  He  fell  into  the  fallacy  of  supposing 
that  since  the  reaction  is  proportional  to  the  mass  taking  part 
in  it,  then  in  the  production  of  any  compound  the  larger  the 
amount  of  any  given  constituent  present,  so  much  the  more  of 
the  same  will  enter  into  this  compound.  Closely  allied  to  this 
view  is  that  which  regarded  the  capacity  of  saturation  of  acids 
and  bases,  the  most  active  chemical  substances,  as  a  means  of 
measuring  their  affinity.  Opposed  to  both  of  these  views 
were  those  of  the  school,  which  founded  a  new  epoch  in  the 
development  of  chemistry ;  this  epoch  commenced  about  the 
time  at  which  Berthollet  published  his  '  Chemical  Statics.' 
The  teachings  of  the  new  school  represented  chemical  atoms 
as  depending  on  the  reciprocal  action  of  constant  weights,  viz. 
the  combining  or  atomic  weights. 

BerthoUet's  views  led  to  the  celebrated  discussion  with  his 
countryman  Proust  as  to  whether  the  quantitative  proportions 
in  which  two  or  more  bodies  unite  chemically  are  always  con- 
stant, or  vary  continually  with  external  conditions.  In  this 
discussion,  notable  for  the  pertinacity  and  the  great  exercise 
of  ingenuity,  as  also  for  the  politeness  and  perspicuity  with 
which  it  was  for  many  years  conducted,  Berthollet  was  worsted 
by  his  opponent,  who  was  aided  by  the  investigations  of  a 
steadily  increasing  number  of  excellent  workers. 
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During  this  discussion,  Dalton's  speculations  led  him  to  a 
hypothesis  which  gave  a  surprisingly  clear  explanation  of  the 
doctrine  of  the  fixity  of  composition  of  chemical  compounds, 
a  doctrine  which  was  at  that  time  disputed  by  Berthollet. 
This  was  the  atomic  hypothesis,  which  has  since  become  the 
foundation  of  chemical  science.  The  theory  evolved  from  this 
hypothesis  gave  to  chemistry  quite  a  new  form  peculiarly  its 
own.  The  determination  of  the  combining  or  atomic  weights 
of  the  elements  and  the  proportions  in  which  they  unite 
absorbed  for  some  time  the  powers  of  the  most  gifted  men. 
All  phenomena  which  could  not  be  attributed  to  fixed  atomic 
proportions  were  set  aside  as  not  truly  chemical,  and  were 
often  neglected.  Thus  chemists  forsook  the  bridge  by  which 
Berthollet  had  sought  to  unite  the  sister  sciences,  physics 
and  chemistry,  in  order  to  follow  a  new  path,  which  has  since 
led  to  such  exceedingly  great  results,  that  scarcely  any  one 
science  can  boast  of  having  made  such  gigantic  strides  m  its 
development  in  half  a  century. 

In  the  rapid  development  of  the  science  in  this  newly 
opened  field  of  investigation  it  was  natural  that  the  methods 
of  investigation  nearly  allied  to  the  physical  method  proposed 
by  Berthollet  should,  at  first  at  any  rate,  be  disregarded. 
This  happened  the  more  readily  since  the  latter  was  accident- 
ally based  upon  a  view  directly  opposed  to  the  new  atomic 
theory.  The  results  of  Berthollet's  observations  on  the  de- 
pendency of  chemical  phenomena  upon  the  external  physical 
circumstances,  on  the  properties  of  the  substances  reacting 
upon  one  another  and  also  on  those  of  the  products  of  the 
reaction,  were  retained  by  the  science.  But  affinity  alone 
and  the  manner  of  its  action  formed  no  longer  the  chief  aim 
of  investigation,  for  now  the  products  of  the  reactions  were 
regarded  as  of  the  greatest  importance.  Only  as  far  as  the 
conditions  influenced  the  formation  of  new  and  important 
compounds,  did  they  receive  any  attention.    Even  then,  as  is 
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now  often  the  case,  the  physical  properties  of  newly  discovered 
substances  received  just  as  much  attention  as  appeared  ne- 
cessary to  characterise  and  identify  them.  Nevertheless,  the 
first  authorities  in  the  science  dwelt  agaua  and  again  on  the 
necessity  of  not  neglecting  the  physical  methods  of  investigation. 

It  cannot  be  denied  that,  by  the  acceptance  and  develop- 
ment of  the  atomic  theory,  chemistry  became  more  and  more 
estranged  from  the  nearly  related  science  of  physics.  The 
provinces  of  the  two  sciences  were  more  sharply  defined,  each 
discipline  pursued  its  own  path  and  the  portions  common  to 
both  remained  often  untouched,  unless,  as  was  frequently 
the  case,  they  were  appropriated  by  chemistry  alone.  Almost 
daily  new  relations  between  chemical  and  physical  phenomena 
were  discovered ;  but  even  the  greatest  discoveries  made  by 
the  appHcation  of  physical  methods  to  chemical  research 
did  not,  since  the  aim  of  each  had  become  different,  serve  to 
reunite  the  now  severed  sciences. 

It  was  now  most  important  for  chemists  to  prepare, 
study,  and  classify  as  large  a  proportion  as  possible  of  those 
compounds  the  existence  of  which  was  predicted  by  the 
atomic  theory.  Thus  chemistry  assumed  more  and  more 
the  form  of  a  descriptive  natural  science,  in  which  general 
theoretical  speculations,  such  as  those  to  which  Berthollet 
had  attached  first  importance,  became  now  of  secondary  im- 
port only.  This  change  was  necessary.  As  geology  requires 
mineralogy  and  paleontology,  as  the  physiology  of  plants  and 
animals  requires  systematic  botany  and  zoology,  together  with 
the  anatomy  of  the  two  kingdoms ;  or  in  more  general  terms, 
as  each  speculative  science  requires  a  rich  and  well  ordered 
material,  if  it  is  not  to  lose  itself  in  empty  and  fruitless  fan- 
tasies ;  so  also  a  theoretical  chemistry  requires  the  exact 
knowledge  of  an  extremely  large  number  of  chemical  com- 
pounds, for  without  such  a  knowledge  chemistry  would  soon 
run  the  danger  of  being  stranded.     When  the  enormous 
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material,  which  appears  to  tower  higher  and  higher  as  we 
advance,  has  been  arranged  and  classified  by  the  untiring 
zeal  of  the  most  gifted  mvestigators,  then  only  can  we  think 
of  laying  the  foundation  of  a  building,  which  perhaps  in  the 
next  century  will  develop  into  a  theory  of  chemistry — a 
theory  such  as  that  of  light  and  of  electricity,  by  means  of 
which  from  given  conditions  phenomena  may  be  predicted. 

Chemistry  is  still  far  distant  from  the  goal  which  Ber- 
thollet  desired  to  reach  ;  but  still  much  has  occurred  which 
indicates  that  the  science  will  continue  to  strive  success- 
fully to  gain  this  point.  The  chemistry  of  the  present  day 
resembles  a  plant,  which  spreading  its  roots  in  the  ground 
and  collecting  food  prepares  for  a  later  and  quick  growth  of 
branches,  leaves  and  fruit.  The  rich  material  which  the  rapid 
development  of  the  atomic  theory  has  furnished  insures  a 
lasting  independency  to  chemistry;  it.  will  never  be  again  a. 
dependency  or  subdivision  of  physics. 

But  as  no  branch  of  human  knowledge  can  be  developed 
in  any  one  dii-ection  without  at  the  same  time  enrichmg  other 
and  neighbouring  ones,  so  a  systematic  and  descriptive  che- 
mistry could  not  be  develoj^ed  without  adducing  a  rich  material 
for  the  theoretical  or  speculative  portions  of  the  science. 
Chemists  have  employed  almost  all  physical  methods  to 
decompose  known  bodies  and  to  prepare  new  ones.  More- 
over, as  a  knowledge  of  the  physical  properties  of  many 
thousand  compounds  appeared  important  for  their  classifica- 
tion, they  have  been  therefore  more  or  less  thoroughly  investi- 
gated. By  this  means  many  new  and  general  points  of  view 
have  been  obtained,  which  elucidate  the  dependency  of  chemical 
phenomena  upon  the  physical  conditions  under  which  they 
take  j)lace,  and  also  the  relation  of  the  physical  properties  of 
bodies  to  their  chemical  composition. 

But  however  great  the  importance  and  interest  of  these 
discoveries,  no  theory  deduced  from  them  has  made  itself  so 
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quickly  and  certainly  felt  as  the  atomic  theory  of  Dalton. 
Almost  all  these  theories  have  met  with  severe  opposition, 
many  have  been  overthrown,  whilst  others  have  only  after 
some  years  been  deservedly  acknowledged.  It  is  indeed  a 
sm-e  sign  of  the  healthy  development  of  our  science,  that  while 
the  knowledge  of  facts  has  increased  with  extraordinary 
rapidity  the  generalisations  which  could  have  been  drawn  from 
them  have  met  with  but  relatively  tardy  recognition.  With 
such  a  subject  in  which  something  new  was  to  be  expected 
almost  day  by  day,  every  generalisation  was,  after  a  few  steps, 
in  danger  of  meeting  some  fact  by  which  it  would  be  either 
overthrown  or  considerably  modified.  Hence  the  necessity 
for  careful  generalisation.  If  chemistry  had  acknowledged 
and  accepted  every  theory  proposed,  it  would  have  been  easily 
converted  into  a  chaos  from  which  the  possibility  of  general- 
ising would  have  entirely  disappeared. 

Having  as  a  rule  recognised  this  danger,  the  chemists  of 
our  century  have  throughout  been  very  careful  even  in  the 
formation  of  general  theories,  as  also  in  the  recognition  of 
those  theories  which  have  been  accepted  at  least  by  some 
chemists.  It  might  be  more  justly  said  that  this  opposition 
has  been  too  strong  rather  than  too  weak ;  for  many  of  the 
theories  now  accepted  with  perfect  justice  had  to  fight  in  vain 
for  years  with  difficulties  of  but  little  real  importance.  They 
were  only  accepted  when  this  opposition  had  strengthened  and 
made  them  more  sure  ;  others  again  received  a  tardy  but  un- 
contested recognition  as  the  number  of  facts  upon  which  they 
were  based  increased,  although  at  first  but  httle  attention  was 
paid  to  them.  Some  few  theories  only  have  enjoyed  for  a 
time  a  greater  renown  than  they  deserved  or  were  able  to 
support. 

There  was  stni  another  circumstance  which,  throughout 
the  first  half  of  this  century,  hindered  the  development  of 
general  chemical  theories,  viz.  the  condition  of  physics  and  its 
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relation  to  chemistry.  It  is  natural  that  a  fundamental 
hypothesis  explaining  the  properties  of  matter  should  not 
remain  confined  exclusively  to  the  province  of  chemistry, 
but  must  moreover  agree  with  the  fundamental  ideas  and 
general  doctrines  of  physics,  and  thus  receive  a  direct  con- 
firmation. 

At  the  beginning  of  this  present  century,  when  chemistry 
guided  by  the  atomic  theory  began  its  new  and  brilliant 
development,  physics  was  not  in  a  position  to  follow.  Although 
the  speculations  of  physicists  were  apparently  based  upon  the 
existence  of  the  smallest  particles  of  matter,  and  although  such 
expressions  as  molecules,  pores  and  interstices,  were  used  by 
them,  yet  their  calculations  were  in  reality  based  upon  the 
doctrine  of  the  homogeneity  and  continuity  of  matter,  and  not 
upon  the  existence  of  smgle  atoms,  without  the  acceptance  of 
which  chemical  teaching  could  no  longer  exist. 

The  only  physical  theory  which  was  in  reality  based  upon 
the  action  of  the  smallest  particles  was  that  of  heat.  This 
theory  was  based  upon  views  which  hindered  the  development 
of  and  introduced  great  confusion  into  theoretical  chemistry, 
viz.  the  notion  of  the  material  existence  of  heat. 

Although  as  early  as  1798  Benjamin  Thomson,  better 
known  as  Count  Eumford,^  had  convincingly  shown  that  heat 
is  nothing  more  than  a  form  of  motion,  yet  opposed  to  the 
recognition  of  this  doctrine  was  Newton's  emission  theory  of 
light,  a  theory  which  was  generally  accepted  at  that  time. 
Even  Humphry  Davy,  ^  although  he  immediately  declared 

'  Lond.  Phil.  Trans.  1798,  Ixxxviii.  p.  80,  'An  Inquiry  concerning  the  Source 
of  Heat  excited  by  Friction.'  By  Benjamin  Count  Eumford  (xviii.  p.  278  in  the 
abridged  edition  of  Phil.  Trans.)  In  this  paper  Eumford  says  :  '  It  is  hardly 
necessary  to  add,  that  any  thing  which  any  insulated  body  or  system  of  bodies 
can  combine  to  furnish  without  limitation,  cannot  possibly  be  a  material  stib- 
stance  :  and  it  appears  to  me  to  be  extremely  difficult,  if  not  quite  impossible, 
to  form  any  idea  of  anything  capable  of  being  excited  and  communicated  in 
these  experiments,  except  it  be  motion. 

2 '  Researches  on  Heat,  Light  and  Eespiration,'  in  Dr.  Beddoe's  West  Country 
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himself  in  favour  of  Eumford's  views,  and  confirmed  them  by 
carefully  chosen  and  convincing  exj)eriments,  nevertheless 
still  upheld  Newton's  emission  theory  and  opposed  the  undu- 
latory  theory  proposed  and  defended  by  Hooke,  Huygens  and 
Euler.^  The  establishment  of  this  theory  is  mainly  due  to 
Fresnel ;  Thomas  Young  and  Wollaston  had  in  vain  attempted 
to  bring  this  about ;  further,  Poisson  brought  it  into  agreement 
with  mathematical  theories,  by  regarding  the  ether  as  com^ 
posed  of  discrete  particles  and  not  as  a  continuous  elastic 
medium.  The  estabHshment  of  this  theory  formed  a  basis  for 
the  mechanical  theory  of  heat,  a  theory  which  has  since  been 
brilliantly  developed,  and  thus  a  new  point  of  union  between 
chemical  and  physical  theories  has  been  attained. 

One  of  the  most  important  requirements  for  the  complete- 
ness of  a  general  chemical  theory  is  still  wanting,  viz.  a  theory 
of  electricity  which,  from  a  single  point  of  view,  can  explain 
the  interdependency  of  the  phenomena  of  electricity  with  those 
of  hght  and  heat  on  the  one  hand  and  the  chemical  forces  on 
the  other.  But  the  present  condition  of  the  mechanical  theory 
of  heat,  especially  the  theories  of  molecular  physics  deduced 
from  it  in  recent  times,  together  with  the  views  which  chemists 
hold  regarding  the  constitution  of  compounds,  show  that 
without  the  aid  of  such  a  theory  of  electricity,  important 
results  may  be  expected  from  the  mutual  employment  of 
physics  and  chemistry. 

The  respective  positions  of  each  of  the  sciences  are,  how- 
ever, such  that  they  cannot  mutually  aid  one  another,  even  to 
a  small  extent,  without  further  development.  They  are  still 
regarded  as  entirely  distinct  from  one  another.  Physics  may 
possibly  already  possess  many  of  the  means  which  might  lead 

Contributions,  p.  16  (compare  also  Joule,  Phil.  Trans.  1850,  part  I.  p.  61) ; 
further,  vide  Elements  of  Chemical  Philosophy,  div.  I.  chap.  v.  collect  works' 
1840,  iv.  p.  66. 

'  Elements  of  Chemical  Philosophy,  div.  II.  chap.  iv.  collect,  works,  iv. 
p.  157  ;  '  Eesearches  on  Heat,'  etc.  p.  10,  etc. 
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to  a  comprehensive  theory  of  chemical  and  physical  molecular 
actions.  The  methods  of  mathematics  may  also  be  sufficiently 
advanced  to  render  if  required  a  successful  aid  to  speculation 
as  soon  as  the  phenomena  have  been  analysed  and  well  chosen 
hypotheses  have  been  found  to  form  the  starting  pomt  of 
the  theories  required.  The  empirical  material,  however,  which 
these  theories  should  embrace  is  almost  unattainable  to 
physicists,  and  can  only  be  arrived  at  by  a  thorough  and 
detailed  study  of  modern  chemistry. 

The  process  of  development  of  chemistry  has  been  such 
that  each  theoretical  view  could  only  be  deduced  from  a  large 
and  often  widely  distributed  number  of  facts.  Hence  arose 
the  feeling  of  uncertainty  or  doubt  as  to  the  value  of  theoreti- 
cal considerations  geqerally,  which  frequently  led  to  specula- 
tions concerning  the  origin  and  nature  of  phenomena  being 
incidentally  announced  or  but  hinted  at,  and  even  in  some 
cases  not  expressed  but  left  to  the  reader  to  deduce.  Further, 
the  most  contradictory  views  have  been  promulgated,  and  it 
has  rarely  happened  that  such  views  have  been  expressly 
withdrawn.  Which  theories  are  recognised  and  which  dis- 
carded, living  chemists  are  alone  able  to  judge,  and  expressions 
of  such  opinions  find  a  place  in  their  writings  in  exceptional 
cases  or  in  fragmentary  forms  only.  From  the  Hterature 
alone  the  difference  of  views  appears  greater  than  it  really  is  ; 
this  difference  is,  however,  but  a  slight  one  as  regards  im- 
portant matters. 

The  discussion  concerning  the  systematic  arrangement  of 
chemistry  appears  to  have  lapsed  for  some  time  to  come.  The 
question  discussed  for  years  under  various  forms  and  with 
considerable  energy,  as  to  whether  the  properties  of  chemical 
compounds  depend  more  upon  the  nature  than  upon  the 
arrangement  of  the  constituent  atoms,  has  been  settled,  both 
parties  having  established  their  justification.  Chemical  sym- 
bols and  formulfe,  which  a  few  years  ago  received  such  pro- 
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minence,  are  now  regarded  with  indifference,  since  what  was 
formerly  expressed  symhohcally  and  indistinctly  or  even 
without  proof  or  clearness  by  their  aid,  can  now  be  expressed 
in  clear  words  with  fixed  meaning.  The  dogma  that  the 
atomic  constitution  of  matter  is  beyond  our  knowledge  has 
disappeared.  It  is  indeed  probable  that  this  idea  was  in 
reahty  never  entertained  by  a  single  chemist,  but  was  never- 
theless frequently  used  by  speculative  thinkers,  as  the  most 
important  support  of  their  polemics  :  it  has  now  no  longer  any 
power  or  authority.  Much  is  already  known  of  the  behaviour 
of  atoms  in  compounds  ;  we  shall  still  learn  more,  and  the 
present  development  of  chemistry  will  be  one  day  crowned 
with  a  knowledge  of  the  statics  and  mechanics  of  atoms.  By 
the  aid  of  such  knowledge  it  will  be  possible  to  explain,  from 
a  common  standpoint,  the  causes  of  the  innumerable  pheno- 
mena which  we  at  present  can  only  classify. 

The  feeble  beginnings  of  such  a  theory  are  not  only  dis- 
persed through  the  whole  province  of  the  science,  but  are 
clothed  in  the  most  varied  and  heterogeneous  forms.  Chemistry 
will,  in  fact,  still  continue  to  use  the  symbols  of  opposing 
views,  even  where  the  differences  of  meaning  have  ceased  to 
exist.  The  strife  between  the  opposing  views  has  been  fought 
out  within  the  chemical  camp  alone,  yet  sufficient  intimation 
has  reached  other  scientific  men  to  awaken  amongst  them  a 
lively  interest  in  the  result.  The  interest  is  probably  heightened 
by  the  difficulties,  which  one  not  versed  in  chemistry  must 
surmount  in  order  to  obtain  a  valuable  insight  into  the  subject. 
Chemists,  therefore,  often  hear  the  representatives  of  the  most 
varied  natural  sciences  express  the  desire  of  obtaining  a  nearer 
insight  into  the  modern  chemical  theories,  and  the  wish  is 
often  accompanied  by  the  desire  that  such  a  review  should 
not  necessitate  too  much  special  study. 

This  wish  so  often  expressed  has  chiefly  influenced  me  in 
undertaking  the  experiment  of  bringing  together  the  apparently 
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best  founded  portions  of  the  hypotheses  and  theories  at  present 
of  value  in  chemistry,  and  to  represent  them  stripped  as  far 
as  possible  of  their  purely  chemical  character  and  so  render 
them  available  to  a  wider  circle  of  readers. 

Chemists  perhaps  will  also  welcome  the  publication  of  the 
views  and  opinions  which  in  the  course  of  time  have  received 
some  recognition.  These  theories  will  be  more  interesting 
when  treated  as  an  organic  whole  than  when  scattered  and 
isolated. 

In  the  following  pages  I  have  endeavoured  to  arrange  sine 
ira  et  studio  the  older  and  the  more  recent  theoretical  chemical 
results  which  appear  to  have  attained  a  certain  degree  of 
poHsh  and  of  accuracy,  and  may  therefore  be  regarded  as 
affording  a  special  insight  into  the  conditions  of  equilibrium 
of  the  smallest  elementary  particles.  It  is  to  be  hoped  that 
this  representation  will  be  found  to  be  as  free  as  possible  from 
preconceived  ideas,  which  have  often  warped  and  may  still 
warp  the  judgment,  as  to  the  admissibility  of  a  conclusion. 

Chemists  will  find  but  little  that  is  new,  and  even  the 
method  of  statement  is  at  the  most  a  Httle  more  defined  than 
was  formerly  customary  or  thought  advisable.  The  merit  of 
rendering  a  service  to  science  by  means  of  this  book  is  equally 
shared  by  the  author  and  the  colleagues  with  whom  this  sub- 
ject has  been  frequently  discussed. 
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THE  ATOMS. 


I. 

TBE  ATOMIC  HYPOTHESIS  THE  BASIS  OF  ALL 
VALID  CHEMICAL  THEORIES. 

§  1.  This  hypothesis  assumes  that  all  varieties  of  matter 
are  composed  of  aggregations  of  a  large  number  of  exceedingly 
minute  isolated  particles  called  atoms ;  even  those  forms  of 
matter  which  appear  to  completely  fill  the  space  they  occupy 
being  no  exception  to  this  rule.    It  also  assumes  that  there 
are  as  many  different  kinds  of  atoms .  as  there  are  different 
kinds  of  undecomposable  substances.    This  hypothesis,  which 
is  closely  related  to  the  views  held  by  the  ancient  Greek 
philosophers,  owes  its  present  form  in  the  first  place  to 
chemical  discoveries,  but  is  thoroughly  in  agreement  with  the 
results  of  physical  investigation  ;  so  much  so  that  in  the 
present  state  of  speculative  natural  science  no  theory  is 
acceptable  which  is  not  founded  on  the  hypothesis  that  matter 
is  composed  of  separate  and  distinct  particles.    The  truth  of 
this  theory  is  not  at  first  sight  apparent,  being,  in  fact,  dis- 
cordant to  the  feeluags  of  the  uninitiated,  and  introduces  also 
in  many  cases  inconveniences  in  the  development  of  theories 
in  mathematical  physics,  by  its  increase  in  the  difficulties  of 
the  calculations ;  nevertheless  it  is  indispensable,  since  ob- 
served phenomena  can  only  be  accounted  for  on  the  assump- 
tion of  the  existence  of  distinct  particles  of  matter.  This 
conclusion  must  be  universally  accepted  by  physicists  and 
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chemists.  Many  of  the  reasons  which  led  to  its  acceptance 
have  been  exhaustively  discussed  by  Fechner.' 

It  would  not  be  difficult  to  strengthen  the  grounds  for  its 
adoption  by  entering  into  a  further  consideration  of  special 
cases.  Here,  however,  it  will  be  sufficient  to  point  out  that 
without  an  atomic  theory  in  chemistry  every  possibility  of  a 
theory,  even  of  a  concrete  representation,  would  cease  to  exist. 
Nevertheless,  attempts  have  frequently  been  made  to  replace 
the  atomic  hypothesis,  but  none  of  these  attempts  have  proved 
of  any  service  to  the  science.  Up  to  the  present  day  no  hypo- 
thesis has  been  brought  forward  the  deductions  from  which 
agree  so  closely  with  observed  facts  as  do  those  based  on  the 
atomic  hypothesis. 

We  start,  then,  with  the  idea  that  matter  consists  of  par- 
ticles called  atoms,  of  which  we  assume  that  there  are  as  many 
varieties  as  there  are  different  kinds  of  simple  bodies,  or  what 
are  called  chemical  elements.  Whether  these  traditional  par- 
ticles called  atoms  are  really  drofjbot,  i.e.  bodies  absolutely 
indivisible,  is  not  even  probable,  and  is  a  matter  of  little 
moment.  But  it  is  sufficient  for  our  purpose  to  state  that  at 
the  present  time  we  are  not  able  to  split  them  up.  Whether 
in  the  future  the  question  of  their  divisibility  will  be  solved 
can  have  no  influence  in  the  discussion  of  the  present  subject. 

§  2.  The  chemical  atomic  theory  owes  its  foundation  and 
its  acceptance  to  the  observation  that  the  union  of  different 
chemical  elements  to  form  a  new  compound  always  takes  place 
in  definite  proportions,  according  to  the  so-called  combming 
or  equivalent  weights. 

If  M,  Mp  M^,  &c.,  represent  the  fixed  and  definite  com- 
bining weights  of  different  elements,  the  composition  of  any 
chemical  compound  can  be  expressed  by  the  formula — 

7iM  +  ?i,Mi  +  WjMg  +  .  .  .  . 

where  the  coefficients  n,  n^,  and  signify  whole  numbers, 
which  may  have  different  values  in  different  cases. 

For  instance,  mercury  combines  with  oxygen  in  two 
different  proportions.    Mercuric  oxide  contains  12-51  parts  by 

'  Ueber  die x^hysihalische  und philosophisclie  Atcmienlehrc,  von  G.  T.  Fechner. 
Leipzig,  1855.    2.  Aufl.  1864. 
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weight  of  mercury  to  1  part  of  oxygen,  whilst  mercurous  oxide 
contains  double  the  quantity  of  mercury,  viz.  25-02  parts. 

Mercuric  oxide  is  therefore  represented  by  1  M  +  1  M,, 
and  mercurous  oxide  by  1  M  +  2  M,,  when  the  ratio  between 
the  combining  weights  of  oxygen,  M,  and  mercury,  M,,  is  as 
1  :  12-51. 

The  absolute  numerical  values  attached  to  the  combiuing 
weights  depend  on  the  unit  of  weight  chosen.  If  the  combin- 
ing weight  of  oxygen  is  selected  as  unit,  then  M  =  1  and 
M,  =  12-51. 

In  cinnabar  this  quantity  of  mercury  is  combined  with 
2-004  parts  by  weight  of  sulphur,  the  lower  sulphide  only 
containing  half  as  much  sulphur,  or  twice  as  much  mercury 
to  the  same  amount  of  sulphur. 

The  sulphides  of  mercury  are.  therefore  represented  by — 

1  Mj  +  1  M,,  Mercuric  sulphide ; 

2  Ml  +  1  M^,  Mercurous  sulphide  ; 
when  M  =  1,  and  M;=  2-004. 

The  combinmg  weight  of  sulphur  deduced  from  these 
experiments  is  available  for  other  compounds  of  sulphur,  e.g. 
for  its  compounds  with  oxygen. 

Sulphurous  anhydride,  2  M  +  1  M2 ; 
Sulphuric  anhydride,    3  M  +  1  M2 ; 

where  M  =  1,  and  M2  =  2-004. 

We  are  also  acquainted  with  compounds  containing  mer- 
cury, sulphur,  and  oxygen ;  the  composition  of  certain  of  these 
bodies  may  be  represented  thus  : — 

Mercurous  sulphate,  4  M  +  2  M,  +  1  M2  ; 
Mercm-ic  sulphate,     4  M  -f-  1  Mj  +  1  M, ; 
Turpeth  mmeral,       6  M  -f  3  M,  +  1  Mj  i  &c. 
The  proportional  weight  with  which  a  given  element  unites 
with  any  other  is  the  same  for  all  the  compounds  it  forms 
with  the  other  elements.    It  is  a  constant,  depending  solely 
on  the  nature  of  the  particular  element. 

Dalton's  atomic  theory  •  explains  these  facts  by  the  as- 

'  For  the  rise  and  development  of  this  doctrine  see  H.  Kopp's  Gcschichtc 
der  Ghcmie,  ii.  385. 
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sumption  of  chemical  atoms  which  unite  together  in  groups, 
forming  by  their  union  the  smallest  particles  of  those  bodies 
we  call  chemical  compounds.  The  groups  of  atoms  so  formed 
differ  from  each  other  in  the  number  and  nature  of  their  con- 
stituent atoms.  M,  M,,  Mg,  &c.  represent  the  weights  of  these 
atoms;  and  the  coefficients  n,  n^,  n.^  express  the  number  of 
atoms  entering  into  combination.  Each  individual  compound 
is  characterised  by  the  composition  and  internal  arrangement 
of  the  groups  of  atoms  or  molecules  of  which  it  is  composed. 

The  introduction  of  the  atomic  hypothesis  immediately 
after  the  enunciation  of  the  principles  of  the  science  by  Ber- 
thollet,  effected  a  complete  change  in  chemical  statics  and 
dynamics ;  and  has  contributed  largely  to  the  development  of 
this  branch  of  the  science. 

§  3.  A  knowledge  of  the  atoms  and  molecules  is  an  im- 
perative necessity,  since  it  is  of  their  equilibrium  and  motion 
that  the  doctrine  treats.  The  determination  of  the  atomic 
weights  has  therefore  become  one  of  the  first  problems  of 
theoretical  chemistry.  Attempts  to  determine  the  weights  of 
the  atoms  were  for  many  years  unsuccessful,  and  even  at  the 
present  time  they  cannot  be  ascertained  with  a  sufficient 
degree  of  accuracy ;  wo  have,  therefore,  been  compelled  to 
content  ourselves  with  a  knowledge  of  their  relative  value. 
The  weights  of  all  the  different  kinds  of  elements  are  expressed 
in  terms  of  any  one  given  atom.  In  recent  times  the  weight 
of  an  atom  of  hydrogen,  which  was  originally  chosen  by  Dalton 
as  the  standard  of  comparison,  is  taken  as  the  unit,  as  it  is 
the  lowest  value ;  but  formerly  the  example  of  Wollaston  and 
Berzelius  was  followed,  who  referred  the  atomic  weights  to 
that  of  oxygen,  which  was  taken  as  1,  10,  or  100. 

Berzelius  introduced  into  the  science  the  use  of  the  initial 
letters  of  the  names  of  the  different  elements  as  convenient 
symbols  for  representmg  the  weights  of  the  atoms  expressed 
in  terms  of  the  conventional  unit.^ 

But  even  the  relative  weight  of  the  atom  cannot  be  directly 
determined.  The  determination  is  based  in  the  first  j)lace  on 
an  empirical  investigation  of  the  combining  or  proportional 

'  Larbok  i  Ecmien,  af  Dr.  J.  J.  Berzelius.  Tredje  delen.  Stockholm,  1818, 
p.  94. 
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weights  according  to  which  the  elements  combine.  But  since 
our  analyses  and  sjaitheses  only  show  the  relative  quantities 
of  the  constituents  of  a  compound,  but  not  the  number  of 
atoms  (the  values  ^ij,  n^,  n^,  &c.  in  the  previous  formula) 
which  are  combined  together  at  first,  it  remains  doubtful 
whether  the  combining  weight  found  by  experiment  corresponds 
with  and  is  proportional  to  one  or  more  atoms. 

The  quantities  Q,  Q,,  and  (found  empirically  by  analysis) 
of  the  constituents  of  a  compound  admit  of  different  significa- 
tions. They  must  stand  in  a  definite  relation  to  each  other  and 
to  the  atomic  weights  of  the  elements.  For  example,  if  a 
compound  contains  the  quantity  Q  of  one  element  and  Q,  of 
another,  then  the  following  proportion  must  exist :  Q  :  Q,  = 
11 A  :  «i  A,,  when  A  and  Aj  are  the  atomic  weights  of  the  two 
elements,  and  n  and  ?ij  represent  whole  numbers. 

But  since  not  only  the  atomic  weights  A  and  A,,  but  also 
the  coefficients  n  and  n^,  are  unknown,  it  is  obvious  that  the 
atomic  weights  cannot  be  determined  from  the  knowledge  of 
the  equivalent  proportions  alone. 

It  is  on  this  account  that  the  atomic  weights  of  many,  if 
not  of  all  the  elements,  have  had  several  values  attributed 
to  them  at  various  times  and  by  different  investigators.  The 
accurate  determination  of  the  relative  atomic  weights  has, 
indeed,  frequently  been  declared  to  be  a  problem  incapable  of 
solution,  and  consequently  attempts  have  been  made  to  replace 
the  more  or  less  hypothetical  atomic  weights  by  the  so-called 
equivalent  weights,  which  were  supposed  to  be  purely  empirical. 
But  this  attempt  encountered  many  difliculties,  and  in  recent 
times  atomic  weights  are  once  more  employed  in  the  original 
sense. 

§  4.  There  is  essentially  a  close  relation  existing  between 
the  properties  of  an  element  and  its  atomic  weight ;  and  since 
the  promulgation  of  the  atomic  theory  many  attempts  have 
been  made  to  arrive  at  the  atomic  weights  by  means  of  this 
relationship,  but  it  is  only  in  quite  recent  times  that  it  has 
been  possible  to  do  this  with  any  degree  of  accuracy.  The 
most  important  expedients  for  ascertaining  these  are,  in  the 
first  place,  the  determination  of  the  density  in  the  gaseous 
state,  and  in  addition  to  this,  the  determination  of  the  capacity 
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for  heat  in  the  soHd  state  of  an  elementary  body.  The  con- 
nection between  these  two  values  and  the  chemical  miifcs  was 
pointed  out  at  the  beginning  of  the  present  century  by  Gay- 
Lussac  (1808)  and  by  Dulong  and  Petit  (1819),  but  their 
range  and  apphcability  were  for  many  years  undervalued 
and  unappreciated,  because  the  results  obtained  by  the  two 
methods  could  not  be  brought  into  unison.  Until  the  year 
1858  it  was  generally  believed  that,  for  one  series  of  elements, 
the  density  in  the  gaseous  state  corresponded  to  an  atomic 
weight  different  from  that  indicated  by  the  specific  heat. 
Cannizaro  '  then  pointed  out  that  this  apparent  contradiction 
arose  entirely  from  an  incorrect  interpretation  of  well-known 
facts,  the  true  signification  of  which  had  been  correctly  in- 
dicated by  Avogadro. 

Each  of  these  important  experimental  methods  now  began 
to  meet  with  the  appreciation  to  which  it  was  justly  entitled. 
Isomorphism,  discovered  by  Mitscherlich  in  1819,  offers  a  third 
valuable  method,  which  is,  however,  not  so  trustworthy  as  the 
two  others,  but  is  often  employed  when  the  others  cannot  be 
used. 

On  the  other  hand,  Faraday's  important  law  of  electrolysis, 
formerly  believed  by  many  chemists  to  be  an  auxiliary  in  the 
determinations  of  atomic  weights,  has  proved  of  little  service, 
electrolytic  equivalents  not  being  identical  with  the  atomic 
weights. 

'  Stmto  di  un  corso  di  filosofia  cJiimica.  Pisa,  1858.  See  also  Kopp  and 
Will,  Jahresbcricht,  1858, 11. 
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THE  DETEEMINATION  OF  THE  ATOMIC  WEIGHT  FBOM 
THE  DENSITY  IN  THE  GASEOUS  STATE. 

§  5.  Gay-Lussac  '  discovered  that  the  densities  of  different 
gases,  whether  simple  or  compound,  when  measured  under  the 
same  pressure  and  temperature,  are  either  proportional  to  or 
are  simple  multiples  of  their  empirical  comhinmg  weights. 

If  two  gases  take  part  in  a  chemical  reaction,  the  volumes 
of  the  combining  or  mutually  decomposing  gases  (under 
similar  conditions  of  temperature  and  pressure)  ^  are  either 
equal,  or  they  bear  a  simple  relation  to  each  other ;  and  simi- 
larly the  volume  of  the  product  of  combination  or  decomposi- 
tion, if  it  is  capable  of  existing  in  the  gaseous  state,  always 
exhibits  a  simple  relation  to  the  volume  occupied  by  its  con- 
stituents in  a  similar  state  before  the  act  of  decomposition  or 
combination. 

According  to  Dalton's  atomic  theory,  and  the  facts  on  which 
it  is  based,  every  act  of  chemical  combination  or  decomposi- 
tion is  a  mutual  action  between  a  definite  number  (usually 
small)  of  atoms. 

Hence  it  follows,  from  Gay-Lussac' s  discovery,  that  the 
number  of  atoms  which  are  contained  in  a  given  volume  of 
any  substance  in  the  gaseous  state  stands  in  a  simple  ratio 
to  the  number  of  atoms  contained  in  the  same  volume  of  any 
other  gas  under  the  same  pressure  and  at  the  same  tempera- 
ture. The  absolute  numerical  value  of  this  ratio  is  at  first 
undecided.  It  follows  from  the  atomic  doctrine  and  from 
Gay-Lussac's  law  that  if  one  gas  contains  x  atoms  in  a 

given  volume,  a  second  will  contain  —x  atoms  in  the  same 

on 

'  M6m.  d'Arcueil,  ii. 

^  Equality  of  temperature  and  pressure  is  always  assumed,  even  when  it  is 
not  expressly  mentioned. 
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space,  where  n  and  m  represent  small  whole  numbers.  The 
absolute  value  of  these  numbers  can  only  be  determined  by 
introducing  new  hypotheses  into  the  theory. 

§  6.  The  simplest,  and  apparently  the  only  trustworthy 
hypothesis  conceivable  on  this  point  is  the  explanation  pro- 
posed by  Amadeo  Avogadro  '  in  1811,  which  is  at  the  present 
time  accepted  by  the  majority  of  chemists. 

Avogadro  assumed  that  the  number  of  particles  into  which 
a  substance  splits  up  in  its  conversion  into  the  gaseous  state 
is  the  same  for  equal  volumes  of  all  gases  without  exception, 
under  similar  conditions  of  temperature  and  pressure,  and 
therefore  that  the  weights  of  the  particles  are  proportional  to 
the  densities  of  the  gases  observed  under  similar  external 
conditions.  Avogadro  called  these  smallest  particles  molecules 
integrantes  or  constituantes,  and  defined  them  as  particles  of 
matter  which  are  so  far  apart  that  they  no  longer  exert  any 
mutual  attraction,  but  are  merely  subject  to  the  repellmg 
action  of  heat. 

Avogadro  stated  that  the  similarity  in  the  behaviour  of 
all  gaseous  substances  under  the  influence  of  temperature, 
pressure,  &c.,  could  only  be  explained  on  the  assumption  that 
equal  volumes  of  different  gases  contained  the  same  number 
of  such  particles  or  molecules.'- 

The  fact  that  Avogadro  intended  to  apply  this  hypothesis 
to  all  gases  without  exception  was  for  many  years  neglected. 
Until  recently  it  was  customary  to  apply  it  unscientifically, 
making  a  distinction  in  its  application,  to  the  class  of  so-called 
elements  on  the  one  hand,  and  to  the  class  of  compound  bodies 
on  the  other  ;  but  Avogadro' s  assumption  that  there  is  no 
difference  in  this  respect  between  simple  and  compound  bodies 
was  lost  sight  of,  although  Avogadro  had  in  the. most  simple 
and  felicitous  manner  overcome  the  only  apparent  obstacle  to 
this  view. 

'  Essai  d'une  manUre  de  determiner  les  masses  relatives  des  moUcules  &U- 
mentaires  des  corps,  et  les  proportions  selon  lesquelles  elles  entrent  dans  les 
comUnaisons ;  par  A.  Avogadro.  Journ.  de  phijs.  etc.,  par  Delam^therie,  73, 
Juillet  1811,  58-76.   2nd  part ;  ibid.  F6v.  1814. 

-  Since  Avogadro  believed  in  the  material  nature  of  heat,  he  states  in  his 
hypothesis  that  the  distance  between  the  molecules,  or,  what  is  the  same  thing, 
the  diameter  of  their  heat  atmospheres,  is  the  same  for  all  gases  under  similar 
external  conditions. 
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§  7.  This  difficulty  arose  from  a  tendency  to  consider  these 
gaseous  particles,  viz.  the  molecules  of  the  elementary  gases, 
as  identical  with  their  chemical  atoms,  for  which  there  is  no 
sufficient  reason.  Avogadro  avoided  the  difficulty  by  simply 
denying  their  identity,  and  by  assuming,  on  the  contrary,  that 
even  the  molecule  of  the  simple  gases  is  a  mass  which  is 
divisible  by  chemical  action,  the  limit  of  divisibility  of  which 
can  only  be  experimentally  determined. 

He  regarded  the  molecules  as  groups  of  several  individual 
atoms  (molecules  elementaires)  united  by  mutual  attraction 
to  form  a  compound.  There  is  nothing  inconsistent  in  this 
hypothesis,  since  the  assumption  of  mutual  attraction,  cohe- 
sion, or  molecular  attraction,  even  between  particles  of  the 
same  nature,  cannot  be  avoided  in  chemistry  any  more  than 
in  physics,  in  spite  of  the  different  views  which  may  be  held 
concerning  the  nature  and  cause  of  the  attraction.  Avogadro 
made  an  exhaustive  application  of  his  views  to  all  the  then 
known  examples  of  the  combination  and  decomposition  of 
substances  in  the  gaseous  state.  He  pointed  out  that  in  each 
single  gaseous  compound  known  the  volume  it  occupies  is 
double  that  of  the  element  uniting  with  one  or  more  volumes 
of  the  other  element.' 

It  is  also  possible  for  the  compound  to  occupy  four  times 
the  volume  of  one  of  its  constituents.  In  the  first  case  he 
concludes  that  the  molecule  of  this  constituent  must  have 
spUt  up  into  two  parts  ;  each  molecule  of  the  compound  would 
then  contain  only  half  a  molecule  of  this  element.  In  the 
second  case  the  molecule  would  have  divided  into  four  parts. 

§  8.  On  pages  70  and  71  of  his  treatise  Avogadro  speaks 
of  the  formation  of  hydrochloric  acid  from  chlorine  ^  and 
hydrogen.  One  volume  of  chlorine  unites  with  one  volume  of 
hydrogen  to  form  two  volumes  of  hydrochloric  acid. 

If  equal  volumes  of  each  of  these  three  gases  contain  the 
same  number  of  particles  or  molecules,  then  after  the  act  of 
combination  there  must  be 'twice  as  many  molecules  of  hydro- 

'  Some  cases  of  combination  without  the  volume  being  doubled  have  since 
been  discovered. 

^  Like  Davy,  he  regarded  chlorine  as  an  element,  contrary  to  the  opinion  of 
most  of  his  contemporaries. 
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chloric  acid  as  there  were  previously  molecules  of  hydrogen 
and  chlorine,  therefore  each  molecule  of  the  compound  can 
only  contain  half  a  molecule  of  each  constituent. 

Similarly  he  points  out,  in  a  note  to  page  60,  that  the 
molecule  of  water  is  formed  of  half  a  molecule  of  oxygen  and 
a  whole  or  two  half-molecules  of  hydrogen  ;  and  in  hke  manner 
he  discusses  the  composition  of  all  the  gases  which  were 
known  at  that  time.  Avogadro  does  not  expressly  state  what 
relations  the  particles  which  he  calls  molecules,  bear  to  the 
atomic  weights ;  but  his  remarks  undoubtedly  show  that  he 
did  not  regard  them  as  identical,  but  that,  on  the  contrary, 
he  clearly  recognised  the  fact  that  the  combining  weights  or 
atoms  are  as  a  rule  only  fractions  of  molecules.  This  differ- 
ence was  for  many  years  entirely  overlooked.  Even  BerzeHus  ' 
declared  that  Dumas'  defence  of  Avogadro's  views  was  absurd, 
as  he  assumed  a  division  of  the  indivisible  atoms. 

§  9.  In  1814  Ampere  pubHshed  an  article  ^  in  which  he 
promulgated  similar  opinions  to  those  advocated  by  Avogadro. 
He  attempted  to  gain  a  definite  conception  concerning  the 
number  and  arrangement  of  the  elementary  atoms  ^  which  form 
the  molecules  *  of  different  substances.  It  is  worthy  of  remark 
that,  a  short  time  before,  H.  Davy  ^  had  declared  himself  in 
favour  of  the  view  that  the  atoms  first  combine  to  form  regu- 
larly arranged  groups,  and  that  bodies  are  composed  of  these 
groups,  acting  as  elementary  particles. 

§  10.  Although  these  speculations  attracted  the  attention 
of  chemists,  they  did  not  gain  the  complete  recognition  and 
general  acknowledgment  which  their  supporters  desired.  These 

'  Jahresb.  1826,  80. 

2  '  Lettre  de  M.  Amp^-e  k  M.  le  comte  Berthollet  sur  la  determination  des 
proportions  dans  lesquelles  les  corps  se  combinent  d'apr^s  le  nombre  et  la  dis- 
position respective  des  molecules  dont  leurs  particules  int6grantes  sont  com- 
pos6es,'  Annal.  de  Chim.  xc.  43.  Ampere's  views  are  less  simple  than 
Avogadro's,  since  his  particles  are  intended  to  be  identical  with  the  elementary 
particles  which  determine  the  crystalline  form  of  bodies.  To  these  Haiiy  has 
given  the  name  of  '  molecules  int^grantes.'  Avogadro  regarded  this  extension 
of  the  hypothesis  as  unjustifiable.  See  the  latter's  Fisica  de'  corpi poiiderabili, 
1838,  ii.  854. 

»  '  Molecules.'  <  Called  'particules  '  by  Ampere. 

'  Elements  of  Chemical  Pliilosophy,  Div.  I.  vi.  p.  124,  in  the  edition  pub- 
lished in  1812.    Collected  works,  1840,  iv.  90. 
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hypotheses  and  theories  had  to  pass  through  an  experience 
similar  to  that  of  many  others.  '  The  first  attempt  at  gene- 
raHsation  seldom  succeeds  ;  speculation  anticipates  experience, 
the  results  of  observation  accumulating  but  slowly.'  ' 

In  the  existing  state  of  the  science  there  was  no  pressing 
necessity  to  accept  Avogadro's  hypothesis  and  the  theories 
derived  from  it,  and  the  material  at  hand  was  not  then  suffi- 
cient to  permit  of  a  moderately  wide  application  of  his  views. 
Avogadro,  therefore,  endeavoured  to  apply  the  results  gained 
from  the  consideration  of  gaseous  bodies  to  cases  where  no 
observations  whatever  of  the  density  in  the  gaseous  state  had 
been  made.  In  this  way  a  source  of  great  uncertainty  was 
brought  into  the  new  theory,  which  lowered  its  value  in  the 
eyes  of  chemists  perhaps  more  than  the  absence  of  the  at- 
tempted extension  would  have  done. 

Half  a  century  after  the  promulgation  of  Avogadro's 
hypothesis,  the  rapid  development  of  organic  chemistry,  and 
more  especially  the  knowledge  of  the  density  of  the  gases  or 
vapours  of  those  bodies  which  only  assume  the  gaseous  state 
at  high  temperatures,  first  called  attention  to  the  necessity  for 
a  logical  and  universal  appHcation  of  this  hypothesis,  and  of 
the  theories  based  on  it.  The  honour  of  successfully  striving 
to  attain  this  desired  end  is  especially  due  to  Dumas,  Ger- 
hardt,  and  Lam-ent.  But  the  reasons  by  which  these  and 
most  other  investigators  were  influenced  in  favour  of  Avogadro's 
hypothesis  were  essentially  different  from  Avogadro's.  They 
were  entirely  derived  from  the  behaviour  of  different  sub- 
stances in  acts  of  chemical  decomposition  and  combination.  A 
few  isolated  arguments  in  support  of  Avogadro's  views  were, 
indeed,  derived  from  the  physical  properties  of  bodies— by 
H.  Schroder  ^  from  the  boiling-pomts  of  organic  compounds. 
But  these  arguments  produced  no  permanent  effect,  whatever 
their  uatrinsic  value  may  have  been. 

Avogadro's  hypothesis  was  adopted  because  the  molecular 
weights  determmed  by  its  aid  appeared  the  only  numbers 
capable  of  serving  as  the  basis  of  a  theoretical  speculation  on 

'  Berzelius,  Jahresb.  1830,  213. 
Die  Sieclhitze  der  chemischen  Verbinditngen,  1844,  pp.  27,  67,  138  ;  Pogg. 
Ann.  1845,  Ixiv.  399. 
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all  the  different  chemical  transformations,  and  especially 
because  this  hypothesis  estabhshed  an  analogy  between  the 
so-called  elements  and  their  compomids,  by  regarding  the 
former  as  compomids  of  similar  atoms,  and  the  latter  as  com- 
pomids of  dissimilar  atoms.  This  analogy  was  afterwards 
observed  m  many  other  cases.  An  important  indication  of 
the  necessity  for  the  adoption  of  this  hypothesis  is  the  fact 
that  at  the  very  time  when  chemists  were  actively  discussmg 
this  question,  Clausius,'  who  was  not  aware  of  the  discussion,^ 
independently  recognised  the  necessity  of  the  hypothesis  on 
purely  physical  grounds  arising  out  of  the  mechanical  theory 
of  heat. 

§  11.  The  fact  that  the  general  adoption  of  the  molecular 
weights,  determined  by  Avogadro's  law,  was  only  brought  about 
after  a  complete  examination  of  numerous  chemical  trans- 
formations has  led  to  the  erroneous  conclusion  that  the  weight 
and  composition  of  the  molecule  of  any  substance  can  be 
determined  by  means  of  chemical  reactions  alone,  without  the 
knowledge  of  the  vapour  density  of  the  substance. 

A  molecule  has  accordingly  been  defined  as  the  smallest 
quantity  of  a  substance  which  can  take  part  in  a  chemical 
reaction.  This  and  similar  definitions  are  either  inexact  or 
incorrect.  If  by  '  smallest  quantity  '  is  meant  the  smallest 
amount  which  can  take  part  in  any  chemical  change,  then 
the  definition  frequently  gives  a  much  smaller  molecular  weight 
than  is  accepted  by  all  chemists  in  accordance  with  Avogadro's 
law.  For  example,  without  the  aid  of  this  law,  the  syntheses 
of  hydrochloric  acid,  potassium  chloride,  silver  chloride,  &c., 
from  their  elements  would  indicate  that  that  '  smallest  quan- 
tity '  of  chlorine  is  an  atom,  whereas  it  is  universally  acknow- 
ledged that  two  atoms  form  a  molecule.  If  we  represent  the 
first  synthesis  by  the  equation — 

H2-fCl2=HCl  +  HCl, 

it  will  then  be  in  accordance  with  Avogadro's  conclusion  men- 
tioned in  §  8  ;  but  without  this  restriction  the  above  definition 
would  lead  to  the  equation — 

H-f  C1  =  HC1. 
'  Fogg.  Ami.  1857,  c.  369.  "  Ibid.  1858,  ciii.  645. 


DEFINITION  OF  A  MOLECULE 


13 


If,  on  the  other  hand,  the  definition  means  the  smallest 
quantity  which  frequently  or  generally  takes  part  in  a  chemical 
reaction,  then  the  definition  is  variable  and  arbitrary,  and 
very  often  leads  to  other  results  than  the  generally  accepted 
deductions  from  Avogadro's  hypothesis.  To  take  a  single 
example :  Nitric  acid  more  frequently  enters  into  a  chemical 
reaction  in  double  or  treble  the  amount  which  is  at  present 
regarded  as  the  molecule,  and  represented  by  the  formula 
HNO3,  ^^^■I'l  ^  single  molecule.  If  the  simultaneous  forma- 
tion of  chloride  and  hypochlorite  (that  is,  of  two  different 
chlorine  compounds  from  chlorine  and  an  alkali)  is  advanced 
as  a  proof  that  each  particle  of  chlorme  must  contain  at  least 
two  atoms,  then  the  simultaneous  formation  of  nitrate  and 
nitric  or  nitrous  oxide,  &c.,  from  a  metal  and  nitric  acid  can  be 
used  as  an  argument  proving  nitric  acid  to  contain  more  than 
one  atom  of  nitrogen  in  the  molecule.  Nothing  is  proved  in 
either  of  these  cases,  since  the  amount  taking  part  in  the  re- 
action may  just  as  well  be  regarded  as  composed  of  one  as  of 
many  particles. 

That  some  celebrated  chemists  believed  themselves  justified 
in  holding  other  views  was  due  to  the  fact  that  they  had  a 
vivid  recollection  of  the  arguments  which  had  led  them  to 
recognise  Avogadro's  hypothesis,  and  consequently  they  con- 
fused the  reasons  for  the  adoption  of  the  molecular  weights, 
determined  according  to  this  hypothesis,  with  the  speculations 
which  led  to  the  method  adopted  for  their  determination. 

That  the  study  of  chemical  reactions  for  the  determination 
of  the  molecular  weights  without  the  aid  of  Avogadro's  hypo- 
thesis is  very  deceptive  and  thoroughly  inadequate  is  seen  from 
the  fact  that  molecular  weights  which  were  quite  different 
from  Avogadro's  were  for  many  years  used  in  representing 
chemical  reactions,  and  were  universally  regarded  as  satis- 
factory. 

But  the  examination  of  chemical  transformations  affords 
invaluable  assistance  in  confirming  the  accuracy  of  the  mole- 
cular weights  calculated  from  the  vapour  densities  by  means 
of  Avogadro's  law,  since  it  shows  that  chemical  reactions  can, 
as  a  rule,  be  represented  in  a  very  simple  manner  by  means 
of  these  molecular  weights. 
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§  12.  The  space  at  our  disposal  neither  permits  of  an 
approximately  exhaustive  statement  of  all  the  reasons,  deduced 
from  numerous  chemical  facts,  which  testify  to  the  correctness 
of  Avogadro's  hypothesis,  nor  of  the  marked  influence  which 
its  introduction  has  exerted  on  chemical  theories.  But  this 
can  all  the  more  reasonably  be  dispensed  with,  since  a  com- 
plete discussion  of  this  hypothesis  is  to  be  found  in  almost  all 
the  modern  treatises  on  chemistry.^ 

Every  reader,  therefore,  can  easily  form  a  judgment  of  the 
advantages  which  this  hypothesis  affords  for  the  explanation  of 
chemical  changes.  The  arguments  derived  from  the  observa- 
tion of  chemical  phenomena  do  not  in  general  appear  of  great 
importance  when  taken  separately.  No  particular  one  of  them 
decided  the  acceptance  of  the  hypothesis.  They  gradually 
gained  force  in  consequence  of  their  large  number  and  mutual 
agreement,  therefore  the  hypothesis  of  Avogadro  on  molecular 
values  only  received  a  gradual  recognition.  It  grew  in  favour 
as  the  number  of  facts  increased  which  could  be  simply  and 
naturally  explained  by  its  aid.    Owing  to  this  mode  of  deve- 

'  The  following  works  may  be  consulted  on  this  subject : — 

C.  Gerhardt,  TmiU  dc  Chimie  organique,  iv.  (Paris,  1856.)  Gerhardt's 
system,  founded  on  Avogadro's  hypothesis,  possesses  historic  interest,  inasmuch 
as  it  forms  the  basis  of  the  generally  accepted  systematic  course  of  organic 
chemistry. 

Aug.  Laurent,  Mi'thodc  do  Chimic.    (Paris,  1854.) 

Aug.  Kekule,  Lehrb.  der  organisclicn  Chcmie  (Erlangen,  1859-67),  which 
exerted  a  great  influence  on  the  recent  development  of  theoretical  chemistry. 

Herm.  Kopp,  Lehrb.  der  plnjsikalischen  und  theoretischen  Chcmie,  2.  Aufl. 
(Braunschweig,  1863) ;  also  Kopp's  introduction  and  conclusion  to  the  14th  and 
15th  editions  of  Wiihler's  Grwidriss  der  anorganischen  Chemie  (Leipzig,  1868 
and  1873).  The  former  work  contains  the  most  complete  description  which 
has  yet  been  published  of  the  theories  and  facts  which  the  development  of 
theoretical  chemistry  has  produced.  The  latter  work  is  a  concise  abstract  of 
the  most  essential  points. 

Ad.  Wurtz,  Legons  sur  qtielqties  points  de  philosophie  chimiquc.  (Paris 
1864.)  This  book,  which  appeared  almost  simultaneously  with  the  first  edition 
of  Die  modemen  Theorien,  covers  the  same  ground  as  this  work,  but  treats  the 
subject  chiefly  from  a  chemical  point  of  view.  It  has  been  revised  and  ijublished 
under  the  title  La  theorie  atomique  (Paris,  1879),  the  Modemen  Theorien 
having  evidently  been  frequently  consulted  for  this  purpose. 

A.  W.  Hofmann,  Einleitung  in  die  moderne  Chemie.  (Braunschweig.)  A 
description  of  the  most  important  results  of  Avogadro's  hyi^othesis,  illustrated 
by  carefully  selected  experiments  and  demonstrations. 
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lopmeiit,  chemists  long  regarded  Avogadro's  hypothesis  as 
purely  arbitrary,  and  considered  it  a  matter  of  no  importance 
whether  the  hypothesis  was  accepted  or  disregarded.  But, 
leaving  these  arguments  out  of  consideration,  it  is  very  diffi- 
cult, if  not  impossible,  to  explain  known  facts  from  a  common 
standpoint  on  a  physical  basis  unless  it  is  by  the  aid  of 
Avogadro's  hypothesis.  The  difficulty  will  always  remain, 
whatever  views  are  held  concerning  the  nature  of  the  gaseous 
state  of  aggregation. 

§  13.  Avogadro,  like  most  of  his  contemporaries,  still 
adhered  to  the  doctrine  of  the  material  nature  of  heat,  and 
consequently  explained  the  expansion  of  gases  by  the  repulsion 
exerted  between  the  layers  of  heat  surrounding  the  individual 
molecules.  He  had  already  pointed  out  this  difficulty  (p.  58, 
loc.  cit.) :  '  En  eftet  si  Ton  supposait  que  le  nombre  des  mole- 
cules dans  un  volume  donne  fut  different  pour  differens  gaz,  il 
ne  serait  guere  possible  de  eoncevoir  que  la  loi  qui  presideroit 
a  la  distance  des  molecules  put  donner,  en  tous  cas,  des  rap- 
ports aussi  simples  que  les  faits  que  nous  venons  de  citer 
nous  obligent  a  admettre  entre  le  volume  et  le  nombre  des 
molecules.' 

In  fact,  starting  from  the  assumption  that  a  gas  forms  a 
system  of  particles  of  matter,  whose  mutual  repulsion  pro- 
duces an  expansive  force,  then  the  relation  which  has  been 
found  to  exist  between  volume,  pressure,  and  temperature, 
viz.  Boyle's  or  Marriotte's  law  and  Gay-Lussac's  law  on  the 
alteration  of  pressure  or  volume  with  the  temperature,  is 
only  conceivable  if  Avogadro's  view  be  accepted  that  all  gases 
contain  an  equal  number  of  molecules  m  the  same  volume, 
under  similar  conditions  of  temperature  and  pressure.  The 
only  other  possible  hypothesis  is  that  one  group  of  gases  con- 
tains the  same  number  of  molecules,  a  second  group  exactly 
double,  and  a  third  exactly  three  times  as  many  molecules 
as  the  same  volume  of  hydrogen  or  any  other  gas  under  the 
same  pressure  and  temperature. 

But  this  hypothesis  offers  no  means  of  explaining  why  the 
expansive  force,  and  its  changes  with  the  temperature  and 
with  the  change  of  volume,  should  be  the  same  for  all  gases 
merely  under  these  conditions.    But  a  detailed  examination 
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of  these  relations  is  unnecessary,  since  the  opinion  that  the 
expansive  power  of  gases  is  produced  by  an  actual  repulsive 
force  between  the  molecules  is  untenable.  The  deductions 
from  the  mechanical  theory  ^  of  heat  have  shown,  and  the 
experiments  which  were  made  to  test  this  theory  and  to  deter- 
mine the  constants  occurring  in  it  have  proved,  that  scarcely 
any  perceptible  amount  of  internal  work  is  done  during  the 
alteration  in  the  volume  of  gases ;  the  nearer  the  gas  approaches 
the  condition  of  the  ideal  permanent  gas,  the  smaller  the 
amount  of  work  required. 

But  this  small  amount  of  work  which  observation  has 
shown  to  be  required  is  such  as  is  requisite  in  surmounting 
an  obstacle  to  expansion,  i.e.  a  slight  mutual  attraction,  not 
a  repulsion,  of  the  molecules.^ 

The  spontaneous  expansion  of  a  gas  does  not  arise  from  the 
mutual  repulsion  of  its  molecules.  On  the  contrary,  the  facts 
at  present  known  concerning  the  nature  of  the  gaseous  state 
of  aggregation  appear  only  to  admit  of  the  view  on  which 
Clausius,^  Maxwell,'  and  other  investigators  have  founded 
their  comprehensive  theory.  It  starts  from  the  old  theory,^ 
which  had  been  almost  forgotten  since  the  beginning  of  this 
century,  that  the  conversion  to  and  the  existence  in  the 
gaseous  state  are  due  to  an  increase  in  the  internal  motion 
of  the  bodies  which  is  imparted  to  them  in  the  form  of  heat, 

•  Clausius,  Pogg.  Ann.  Ixxix.  392.    Gesamm.  Abhandl.  i.  42  ;  2.  Aufl.  46. 

2  "W.  Thomson  and  J.  P.  Joule,  Lond.  Phil.  Trans.  1853,  cxliii.  357 ;  1854, 
cxliv.  321. 

3  '  Ueber  die  Art  der  Bewegung  welche  wir  Warme  nennen,'  Pogg.  Ann. 
1857,  c.  353.  See  also  Clausius,  Ucbcr  d.  Wcsen  der  Warme  (Ziirich,  1857) ; 
also  numerous  articles  in  Pogg.  Ann. 

•«  Phil.  Mag.  [4],  xix.  20,  and  35. 

'  For  the  history  of  this  hypothesis  see  Gehler's  Phys.  Worterbuch,  iv.  Ab- 
theil  2  1049  ;  P.  du  Bois-Reymond,  Pogg.  Ann.  1859,  cvii.  490  ;  Clausius,  ibid. 
1862,  cxv.  2 ;  Th.  Graham,  ibid.  1863,  cxx.  416  ;  0.  E.  Meyer,  Kinetische 
Thcorie  der  Gase  (Breslau,  1877),  9.  Humphry  Davy,  in  his  Elements  of 
Chemical  Philosophy  (towards  the  end  of  chap,  v.,  Part  I.  of  his  Collected 
Works,  1840,  vol.  iv.  p.  67,  '  It  seems  impossible  to  account,'  etc.),  expressed 
views  on  the  forms  of  heat  motion  which  bear  a  striking  resemblance  to  those 
of  Clausius.  He  distinguished  between  oscillating,  rotating,  and  rectilinear 
motion.  His  ingenious  views  are  distinguished  from  those  of  Clausius  solely 
by  his  being  a  believer  in  Newton's  Emanation  theory,  which  ascribed  the 
rectilinear  motion  to  the  ethereal  particles,  and  not  to  the  gases. 
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and  which  produces  such  a  degree  of  activity  that  the  indi- 
vidual molecules  move  away  beyond  the  sphere  of  action  of 
their  neighbours,  and  are  no  longer  retarded  by  the  attraction 
of  the  latter,  and  consequently  travel  through  space  along 
rectilinear  paths  with  the  velocity  they  have  once  acquired 
until  they  come  into  collision  with  an  obstruction,  which  they 
either  adhere  to  or  rebound  from. 

§  14.  The  theory  founded  on  this  hypothesis  is  known  as 
the  theory  of  molecular  impacts,  or  the  kinetic  theory  of  gases. 
Its  wide  and  successful  development  is  specially  due  to  the 
circumstance  that  the  molecules  whilst  in  motion,  having 
severed  their  connection  with  others,  can  scarcely  be  in- 
fluenced by  molecular  forces,  which  act  only  at  a  slight 
distance,  and  consequently  only  obey  the  general  laws  of 
mechanics.  Since  these  laws  are  better  understood  than  those 
governing  the  action  of  the  molecular  forces,  which  can  be  in- 
vestigated only  with  considerable  difficulty,  it  has,  therefore, 
been  possible  to  develop  completely  this  conception  of  the 
rectilinear  motion  of  molecules,  and  to  pursue  it  by  the  aid  of 
mathematics  to  its  ultimate  conclusions. 

All  the  results  which  the  theory  has  derived  from  this  idea 
have  been  found  to  agree  so  closely  with  facts  that  almost  all 
the  properties  exhibited  by  bodies  in  the  gaseous  state  appear 
as  necessary  results  of  this  primary  hypothesis.  In  this  way 
the  hypothesis  has  again  gained  a  high  degree  of  probability, 
which  apijroaches  certainty  at  least  as  nearly  as  the  undulatory 
theory  of  hght. 

The  theoretical  explanation  of  the  pressure  of  gases  has  been 
an  important  factor  in  founding  and  supporting  Avogadro's 
theory.  Daniel  BernouUi  explained  the  pressure  of  a  gas  as 
resulting  from  the  numerous  violent  shocks  of  its  rapidly 
moving  particles  on  the  body  subject  to  the  pressure,  and 
he  deduced  from  this  view  the  law  discovered  empirically  by 
Boyle,  but  also  known  as  Marriotte's  law,  that  the  pressure 
of  a  gas  is  inversely  proportional  to  its  volume,  and  directly 
proportional  to  its  density.  The  same  considerations  also 
showed  that  this  law  is  not  absolutely  true,  and  that  its 
validity  decreases  the  less  completely  the  particles  of  gas  arc 
withdrawn  from  the  action  of  molecular  forces.    The  accuracy 
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of  the  law  diminishes  as  the  vokime  really  occupied  by  the 
molecules  increases  as  compared  with  the  actual  volume  of  the 
gas.  This  theoretical  conclusion  has  been  thoroughly  confirmed 
by  the  most  exact  experimental  investigations,  especially  by 
those  of  Eegnault.' 

Neglecting  this  comparatively  minute  deviation  from  Boyle's 
law,  the  kinetic  theory  of  gases  shows  that  the  pressure  of  a 
gas  is  proportional  to  the  mass  of  the  particles  contained  in 
the  unit  of  volume  and  to  the  square  of  their  velocity,  since  not 
only  the  force,  but  also  the  frequency,  of  the  impacts  increases 
with  the  pressure.  Since  half  the  product  of  the  mass  into 
the  square  of  the  velocity  is  known  as  the  kinetic  energy,  the 
result  of  the  theory  may  be  expressed  thus  :  the  pressure 
which  a  gas  exerts  or  is  subject  to  is  proportional  to  the  sum 
of  the  kinetic  energy  of  the  molecular  motion  of  the  mass  of 
gas  contained  in  the  unit  of  volume.  Equality  of  pressure 
arises  from  the  equality  of  the  kinetic  energy  of  the  motion 
of  the  particles.  The  pressure  alters  proportionally  with  the 
kinetic  energy,  independently  of  the  fact  whether  the  change 
in  the  kinetic  energy  of  the  unit  of  volume  is  produced  by 
increase  in  temperature  or  by  compression  of  the  mass.  The 
kinetic  energy  of  equal  volume^  of  two  different  gases  under  the 
same  pressure  is  equal.  But  it  has  been  found  by  experiment 
that  the  pressure  of  every  gas  is  proportional  to  its  density 
and  to  its  absolute  temperature  (calculated  from  —  273°  C.) : 
hence  it  follows  that  for  constant  density,  and  consequently  for 
constant  volume,  the  pressure,  and  therefore  the  kinetic  energy, 
of  the  rectilinear  motion  of  the  particles  varies  proportionally 
with  the  temperature.  Equal  increments  of  temperature  im- 
part to  equal  volumes  of  different  gases  measured  at  the  same 
temperature  an  equal  mcrease  in  the  kinetic  energy  of  recti- 
linear motion,  whilst  that  portion  of  the  energy  which  is 
imparted  in  other  forms  of  motion  (rotation,  vibration,  &c.) 
may  vary  considerably  with  the  nature  of  the  gas. 

Let  Jifl  denote  the  molecular  weight,  or  more  correctly  the 
mass  of  the  molecule,  and  U  its  velocity;  then  the  kinetic 
energy  of  the  mass  contamed  m  a  given  volume  of  the 
gas  will  be  represented  by  the  expression  S  ^  JWu^,  in  which 

'  Relation  des  Experiences,  &c.  1"  M6m.  i.  1847. 
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the  symbol  S  shows  that  the  value  ^  JWu^  is  true  of  each 
particle,  and  all  such  values  must  be  added  together.  If  the 
gas  is  homogeneous,  then  all  the  JB's  are  equal,  and  all  the 
particles  have  also  the  same  velocity  ;  therefore  the  sum  may 
be  represented  as  a  product,  thus  :  X  ^  Jltu^  =  ^  •  i  i^^lu^ 
where  n  represents  the  number  of  molecules  contained  in  the 
given  volume,  e.fj.  the  unit  of  volume. 

Practically  it  never  happens  that  all  the  u'a  are  equal,  as 
can  easily  be  proved  theoretically  or  experimentally.  On  the  con- 
trary, the  particles  always  exhibit  greater  or  smaller  differences 
in  their  velocities.  But  a  certain  velocity,  ti,  can  always  be 
taken,  which  satisfies  the  equation  S  ^  Jiflu^  =  w  .  ■!■  _$^n^.  It 
is  chosen  so  that  if  all  the  particles  had  a  uniform  velocity, 
the  kmetic  energy  of  the  total  mass  would  have  the  value 
which  it  in  reality  possesses,    u  is  the  velocity  corresponding 

to  the  mean  value  ^  ^  i  ilWu^  of  the  kinetic  energy  of  a 

particle. 

It  also  follows  from  this  theory  that  the  relation  2?=  ^  n  .  JHlu^ 
exists  between  Clausius's  ^  mean  value  of  the  velocity  and  the 
pressure  p  of  the  gas.  In  this  equation  the  number  n  of  the 
molecules  contained  in  the  unit  of  volume  of  the  gas  and  the 
mass  ilt  of  the  molecule  are  unknown.  But  the  product  of 
both  these  unknown  quantities  is  the  mass  of  gas  contained  in 
the  unit  volume,  a  value  which  can  easily  be  determined.  If 
we  substitute  the  numerical  values  of  p  and  of  this  product 
in  absolute  measure,  the  value  in  metres  for  the  velocity  per 
second  is  finally  obtained  : 

U  =  485«.. /i±^  =  485"'.  .  /~T~  . 

where  fZ  equals  the  density  of  the  gas  in  question  compared 
with  air  at  the  same  temperature  and  under  the  same  pressure  ; 
a  =  0-003665,  the  coefficient  of  expansion  of  the  gas  ;  t  the 
temperature  calculated  from  the  freezing-point,  and  T  the 
absolute  temperature  in  degrees  centigrade. 


'  Fogg.  Ann.  c.  375  :  Abhandlungen  iiber  Wiirmetheorie.  2.  Abtheil.  251 
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For  the  freezing-point,  that  is  when  t  =  0°  and  T  =  273°, 
Clausius  has  calculated  the  followmg  values  : — 

For  oxygen  =  461*°. 
For  nitrogen  Uq  =  492^^. 
For  hydrogen     =  1844°^. 

§  15.  If  we  apply  the  above  equation  for  the  pressure  p 
to  different  gases  existmg  under  the  same  pressure  we  obtain 
the  relation — 

p  =  i7ii  .  Ml  .  U  ?  =  i      .         .  U  ^  =  &c. 

where  the  different  values  of  the  various  gases  are  distinguished 
by  different  indices.  This  expression  raeans  that  the  total 
kinetic  energy  of  the  motion  of  the  molecules  of  different 
gases  contained  in  equal  volumes  is  equal  under  the  same 
pressure. 

Admittmg  Avogadro's  assumption  that  under  similar  con- 
ditions of  temperature  and  pressure  n^  =  =  =  &c.  that 
is,  that  the  numbers  of  molecules  in  equal  volumes  is  the  same 
for  all  gases,  then  it  follows  that — 

^  ?n,  u  ?  =    mg  U  2  =  2  w?'3  tl  3  =  &c. 

The  mean  value  of  the  kinetic  energy  of  the  individual  particles 
is  the  same  in  all  gases  at  the  same  temperature.  The  reverse 
of  this  proposition  can  be  used  as  a  definition  of  temperature, 
thus ; — The  temperature  of  two  gases  is  equal  if  the  mean 
value  of  the  energy  of  the  rectilinear  motion  of  their  molecules 
is  equal ;  the  mean  values  of  the  velocities  are  inversely  as  the 
square  roots  of  the  molecular  weights. 

If  Avogadro's  hypothesis  is  not  accepted,  and  if  the  ex- 
istence of  an  equal  number  of  molecules  in  equal  volumes  is 
not  assumed — e.g.  only  half  as  many  molecules  of  hydrogen 
as  of  oxygen— then  very  strange  conclusions  are  suggested. 
Oxygen  and  hydrogen  would  then  possess  the  same  tempera- 
ture if  the  kinetic  energy  of  the  molecules  of  the  latter  were 
exactly  double  that  of  the  oxygen  molecules.  It  would  at  least 
be  very  difficult  to  comprehend  why  this  relation  should  remain 
in  a  mixture  of  the  gases  where  a  frequent  impact  of  their 
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molecules  must  of  necessity  take  place.  Whilst,  on  the  other 
hand,  the  assumption  is  very  plausible  that  equilibrium  of 
temperature  consists  in  equality  of  kinetic  energy,  and  that 
the  equiUbrium  results,  if  not  already  existing,  from  the  fact 
that  the  molecules  possessing  greater  kinetic  energy  continue 
by  their  frequent  impacts  to  impart  some  of  it  to  those  pos- 
sessing less,  until  it  becomes  equalised. 

This  hypothesis,  and  consequently  the  hypothesis  of  an 
equal  number  of  molecules  m  equal  volumes,  appears  to  be 
the  only  possible  assumption  if  certain  general  considerations 
are  taken  into  account,  which  were  first  drawn  attention  to 
by  J.  C.  Maxwell,^  and  were  afterwards  extended,  and  also 
defended  agamst  possible  objections  and  strengthened  by  new 
proofs,  by  L.  Boltzmann  ^  and  0.  E.  Meyer. ^ 

The  object  of  these  speculations  was  to  determine  by  the 
method  of  probabilities  the  final  state  of  motion  which  must 
obtain  in  a  very  large  number  of  gaseous  molecules  after  a 
long  lapse  of  time,  supposing  the  gas  left  at  rest  and  protected 
from  the  action  of  external  forces. 

In  this  state  the  molecules  cannot  all  possess  one  and 
the  same  velocity.  From  the  colhsions  taking  place  in  widely 
difierent  directions,  they  must,  on  the  contrary,  acquire  very 
different  values,  some  of  which  are  greater  and  others  less 
than  the  given  mean  value  u.  Many  of  these  values  will 
occur  frequently,  others  but  rarely. 

Maxwell's  speculation  has  for  its  object  the  determination 
of  the  relative  frequency  of  each  possible  value  of  the  velocity 
in  the  final  state  of  motion  assumed  after  a  large  number  of 
collisions  between  the  particles. 

This  final  state  of  equilibrium  is  characterised  by  the  fact 
that  under  all  possible  conditions  it  is  the  one  which  is  most 
probable  to  result,  and,  when  once  produced,  has  the  greatest 
likelihood  of  continuing. 

It  can  be  determined  without  a  knowledge  of  the  laws 
which  govern  the  impact  of  molecules,  merely  by  the  aid  of 

•  Phil.  Mag.  [4],  1860,  xix.  p.  22  ;  1868,  xxxv.  p.  185. 
^  Wien.  Ahad.  Sitz.-Bcr.  1808,  Iviii.  p.  517  ;  1871,  Ixiii.  pp.  397  and  679- 
1872,  Ixvi.  p.  275. 

'  Die  kinctische  Theorie  der  Gasc,  chap.  ii.  259.   Breslau,  1877. 
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very  general  axioms  of  mechanics,  especially  by  the  law  of  the 
conservation  of  energy. 

The  only  assumption  made  is  that  no  energy  is  lost  by 
the  impact  of  the  particles,  and  that  the  particles  exercise  no 
influence  of  any  kind  on  each  other  except  during  the  very 
short  time  of  contact.  It  is  also  considered  that  in  the  case 
of  a  polyatomic  molecule,  i.e.  a  molecule  composed  of  several 
atoms,  the  motion  of  the  molecule  may  be  partly  or  enthely 
converted  into  motion  of  the  individual  atoms,  and,  inversely, 
motion  of  the  individual  atoms  may  be  converted  into  that 
of  a  molecule.  Further,  it  may  also  happen  that  the  mole- 
cules, are  dissimilar  in  nature,  and  consequently  belong  to 
different  gases. 

Starting  from  this  basis  it  is  possible  to  determine  the 
arithmetical  mean  value  of  the  velocity  fl,  which  is  expressed 
by  the  equation — 

P  =  '^n.m^\ 

and  consequently  bears  the  following  relation  to  the  mean 
value  of  Clausius : 

^  =  Ua/  1  =  0-9213  u. 

The  different  velocities  which  really  occur  differ  from 
the  mean  value  according  to  the  laws  discovered  by  Maxwell 
.in  the  same  way  that  measurements  affected  by  errors  of 
observation  differ  from  the  correct  value  of  the  measured 
quantity. 

In  each  case  the  mathematical  law  holds  good  which 
Gauss  has  employed  in  the  theory  of  the  method  of  least 
squares.  Great  deviations  from  the  mean  are  rare,  small 
deviations  are  more  frequent ;  so  that  the  statement  that  all 
velocities  are  nearly  equal  does  not  deviate  far  from  the 
truth. 

By  the  aid  of  this  law  of  Maxwell's,  the  relative  frequency 
of  any  one  of  the  many  possible  values  of  the  molecular 
velocity  can  be  calculated,  and  consequently  the  relative 
frequency  of  each  definite  value  of  the  kinetic  energy  of  the 


THE  MOLECULAR  WEIGHTS  OF  GASES 


23 


progressive  motion  can  also  be  calculated.  This  calculation 
proves  that  m  a  mixture  of  several  gases  the  probability  of  a 
certain  value  of  the  energy  for  the  molecules  of  a  particular 
gas  is  just  as  great  as  for  the  molecules  of  any  other  gas. 
Although  the  idea  previously  mentioned,  that,  in  a  mixture 
of  several  gases,  the  molecules  of  one  gas  may  possess  double, 
treble,  or  only  half  or  a  third  the  energy  of  the  others,  ap- 
pears a  jJrioH  probable,  it  is  nevertheless  entirely  improbable. 
Consequently  the  number  of  molecules  in  equal  volumes  of 
different  gases  must,  according  to  the  law  of  probabilities, 
be  equal  under  similar  conditions  of  temperature  and  pres- 
sure. 

In  this  way  Avogadro's  hypothesis  attains  the  same  degree 
of  probabihty  which  the  kinetic  theory  of  gases  has  obtamed. 
Avogadro's  hypothesis  must  remain  indispensable,  whatever 
views  may  be  held  regarding  the  nature  of  the  gaseous 
state. 

Important  objections  have  never  been  raised  to  this  hy- 
pothesis. Whenever  it  has  been  discussed  the  discussion 
has  merely  related  to  the  question  of  the  convenience  of 
accepting  the  hypothesis.'  Its  correctness  has  never  been 
disputed. 

Since  this  hypothesis  alone  preserves  a  uniform  agreement 
between  chemical  and  physical  theories,  its  recognition  can 
no  longer  be  denied^  in  the  present  condition  of  the  science, 
and  must,  therefore,  now  be  universally  acknowledged. 

§  16.  It  is  not  possible  to  determine  the  absolute  magnitude 
of  the  molecular  weights  by  means  of  the  hypothesis  that  equal 
volumes  of  different  gases  contain  an  equal  number  of  mole- 
cules, but  the  relative  magnitudes  of  the  molecular  weights  of 
all  bodies,  the  density  of  which  m  the  gaseous  state  has  been 
measured,  may  be  determined.  The  molecular  weights  are 
proportional  to  the  densities.  Hydrogen  gas  has  been  con- 
veniently chosen  as  the  standard,  since  it  has  the  smallest  den- 
sity and  consequently  the  smallest  molecular  weight.  Hence 
the  chemists  who  have  accepted  this  hypothesis  agree  that  the 
weight  of  a  molecule  of  hydrogen,  which,  according  to  the 


'  Berzelius,  Lehrh.  5.  Aufl.  i.  p.  G2. 
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statements  in  §  8  contains  at  least  two  atoms,  shall  be  repre- 
sented as  equal  to  two. 

But  as  Avogadro  took  the  molecule  and  not  the  atom  of 
hydrogen  as  unity,  the  numbers  at  present  used  for  the  mole- 
cular weights  are  double  those  he  proposed.' 

The  molecular  weight  of  any  other  gas  can  be  easily  ascer- 
tained as  soon  as  its  density  is  known,  the  former,  according 
to  the  hypothesis,  being  proportional  to  its  density.  Let  d 
be  the  density  of  the  gas  (compared  with  air),  of  which  the 
molecular  weight  01  is  required ;  since  the  density  of  hydro- 
gen compared  with  air  =  0-06926,2  and  its  molecular  weight 
ii^  =  2 ;  then— 

m'-'^  =  M''^  =  d:  0-06926, 

Since  it  may  appear  doubtful  whether  the  density  of 
hydrogen  can  be  determined  with  the  same  degree  of  accuracy 
as  denser  gases,  e.g.  oxygen,  it  has  been  proposed  first  to 
determine  the  relation  of  the  required  molecular  weight  to 
that  of  oxygen,  and  then  to  express  this  number  in  terms  of 
hydrogen  as  unity 

The  density  of  oxygen  compared  with  air  is,  according  to 
Kegnault,'*  1-10563.    Let  (&  represent  its  molecular  weight, 

then  JiX  :      =     :  1-10563, 

and  m  ==  . 

1-10563 

'  Eecently  certain  authors  have  again  commenced  to  make  use  of  Avogadro's 
numbers,  and  to  regard  as  molecular  weights  the  numbers  obtained  when 
hydrogen  instead  of  air  is  taken  as  the  unit  of  density.  But  so  long  as  the 
atom  of  hydrogen  =  1  and  not  0-5,  as  Avogadro  assumed,  this  arrangement  is 
inconvenient  and  purposeless,  since  the  molecular  weight  will  no  longer  repre- 
sent the  sum  of  the  weights  of  all  the  atoms  contained  in  the  molecule. 

^  See  Eegnault,  Relation  des  Experiences,  &c.,  i.  1847,  p.  143. 

^  Bodeker,  Die  gesetzmdssigen  Beziehungen  zwischen  Zusamniensetzung, 
Dichtigkeit  und  spec.  Wdrvie  der  Gase.  Gottingen,  1857.  Bodeker  takes 
Avogadro's  unit  and  represents  the  corresponding  calculated  numbers  expressed 
in  decigrammes  of  1119-05  cbc  of  different  gases.  This  is,  however,  an  unne- 
cessaiy  complication,  since  the  numbers  calculated  from  the  above  equation  are 
quite  independent  of  every  standard  of  measure  and  weight. 

*  Begnault,  loc.  cit.  p.  143. 
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According  to  Avogadro's  speculation  (§  8)  on  the  composition 
of  water,  a  molecule  of  this  compound  contains  half  a  mole- 
cule of  oxygen  and  a  whole  molecule  of  hydrogen.  Accord- 
ing to  the  determinations  of  Dumas '  and  Stas,^  water  con- 
tains 15-96  parts  by  weight  of  oxygen  to  two  parts  by  weight 
(i.e.  one  molecule)  of  hydrogen.    Hence  it  follows  that— 

=  31-92  :  2,  or  (©  =  31-92, 

and  m  =  ^ll^M.  =  28-864C?, 

^  1-10563 

which  nearly  agrees  with  the  number  previously  obtained. 

In  the  following  pages  the  mean  of  these  two  numbers, 
irW  =  28-87  .  d,  will  be  used  in  calculating  molecular  weights. 

§  17.  The  molecular  weight  must  be  either  equal  to  the 
atomic  weight  or  to  a  simple  multiple  of  it,  since  molecules 
must  consist  of  a  finite  number  of  whole  atoms  and  cannot 
contain  any  fractions  of  the  atoms,  which  are  regarded  as  in- 
divisible. The  atomic  weight  of  an  element  is  not  known  in 
the  first  instance,  but  only  its  combining  weight  or  its  sto- 
chiometric  value,  that  is,  the  quantity  of  the  given  element 
which  unites  with  a  definite  quantity  of  another  element 
selected  as  unity.  This  combining  weight  must,  however,  be 
either  equal  to  the  atomic  weight  or  be  a  simple  multiple  or 
sub-multiple  of  the  atomic  weight,  since  combination  of  the 
elements  only  takes  place  between  whole  atoms.  Hence  the 
molecular  weight  and  the  combming  weight  must  either  be 
equal  or  bear  a  simple  relation  to  each  other. 

"WTien  this  is  not  the  case,  it  is  probable  that  either  the 
vapour  density  or  the  combming  weight,  or  that  both,  have  been 
incorrectly  determined.  In  most  cases  the  quantitative  deter- 
mination is  more  exact  than  the  measurement  of  the  vapour 
density.  When  this  is  behoved  to  be  the  case,  the  molecular 
weight  is  considered  to  be  equal  to  that  multiple  of  the  com- 
bining weight  which  approximates  to  the  value  calculated 
from  the  density. 

For  example,  a  former  determination  of  the  density  of 

'  Compt.  Bend.  1842,  xiv.  p.  537 ;  Atm.  Chim.  PJiys.  [3],  1843,  viii.  p.  200. 
"  Nowvelles  Recherches  stir  Us  Lois  des  Proportions  Chimiqties,  &c. 
Bruxelles,  1865,  p.  24. 
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chlorine  gas  by  Eegnault  gives  2-440  compared  with  atmo- 
sjDheric  air  as  unity. 

By  multiplying  this  number  by  the  coefficient  28-87, 
the  molecular  weight  of  chlorine  is  found  to  be  70-44.  But, 
according  to  the  very  exact  analytical  determinations  of  Stas, 
the  combining  weight  of  chlorine  =  35-37  when  H  =  1.  70-74, 
which  is  double  this  number,  agrees  closely  with  the  molecular 
weight  calculated  from  the  density,  and  is  consequently 
regarded  as  the  correct  relative  weight  of  the  molecule,  since 
the  analytical  determination  is  in  this  case  much  more  exact 
than  the  determination  of  the  density.  E.  Ludwig's  deter- 
mination '  of  the  density  of  chlorme  gas  at  200"  C.  =  2-450 
corresponds  to  the  molecular  weight  70*73,  which  coincides 
with  the  stochiometric  number.  But  the  lack  of  agi-eement 
between  the  value  for  the  molecular  weight  calculated  from 
the  density  and  the  stochiometric  quantity  can  also  arise  from 
another  cause  than  the  inexactitude  of  the  determinations. 
Gay-Lussac's  law  (§  5),  that  the  volumes  of  gas  entering  into 
a  mutual  reaction  are  either  equal  or  bear  a  simple  relation 
to  each  other,  is  only  true  within  certain  limits.  It  is  only 
perfectly  true  within  certain  special  limits  of  temperatm-e 
and  pressure  peculiar  to  each  kind  of  gas.  This  follows  as 
a  natural  consequence  from  the  observation  that  different 
gases  do  not  undergo  precisely  the  same  alteration  of  volume 
for  similar  changes  of  temperature  and  pressure.  Boyle's 
law,  that  the  volume  of  a  gas  is  inversely  proportional  to  the 
pressure,  and  Gay-Lussac's  law,  that  the  volume  is  directly 
proportional  to  the  absolute  temjperature,  are  only  approxi- 
mately true.  The  coefficients  expressing  the  changes  of 
volume  for  alterations  of  temperature  and  pressure  are  neither 
quite  independent  of  the  absolute  temperature  and  pressm-e 
nor  of  the  chemical  nature  of  the  gas.  Hence  it  follows  that 
equal  volumes  of  different  gases  do  not,  under  all  conditions, 
contain  exactly  the  same  number  of  molecules,  and  also  that 
the  calculation  of  the  molecular  weight  from  the  vapour 
density,  which  depends  on  this  assumption,  can  only  yield  a 
perfectly  exact  result  under  certain  fixed  conditions.  Hence 
it  is  generally  necessary  to  correct  the  molecular  weights 

>  Ber.  d.  deut.  diem.  Oes.  1868,  i.  232. 
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deduced  from  the  density  of  the  gas  by  those  deduced  from 
its  quantitative  analysis. 

The  necessity  of  this  correction  has  the  advantage  of 
rendering  it  superfluous  to  make  an  accurate  determination  of 
the  vapour  density  for  calculating  the  molecular  weight. 

Even  a  merely  approximate  determination  of  the  density 
is  sufficient  for  calculating  the  molecular  weight  when  the 
combining  weight  is  accurately  known. 

Although  it  is  perfectly  obvious,  it  is,  however,  not  un- 
worthy of  mention  that  the  above  method  of  calculating  the 
molecular  weight  can  only  be  applied  to  homogeneous  gases. 
In  the  case  of  a  gaseous  mixture  it  would  merely  give  the  mean 
value  of  the  heterogeneous  molecules  contained  in  the  mixture. 

§  18.  The  density  in  the  gaseous  state  is  only  known  for  a 
few  elements,  since  many  elements  are  only  volatile  at  very 
high  temperatures,  at  which  our  methods  of  experimentally 
determinmg  the  density  of  gases  can  no  longer  be  employed. 
Only  about  one-fifth  of  all  the  known  elements  are  volatile  at 
moderate  or  not  very  high  temperatm-es.  The  following  table 
containing  these  elements  gives  under  d  the  density  observed 
by  the  experimentalists  in  column  III.  at  the  temperature  t 
(column  IV.).  Column  V.  contains  the  product  28*87  into  d; 
that  is,  the  molecular  weight  calculated  du'ectly  from  the 
density.  And  column  VI.  contains  the  molecular  weight  JiX 
corrected  by  means  of  the  stochiometric  values. 

In  accordance  with  Cannizzaro's  suggestion,'  the  latter  are 
represented  by  Gothic  capitals.  The  temperatures  for  Mit- 
scherhch's  observations  have  been  calculated  by  the  author 
from  MitscherHch's  data.    (See  table  on  next  page.) 

The  behaviour  of  sulj)hur,  as  seen  from  this  table,  is  very 
striking.  Two  different  molecular  weights  are  obtained  for 
sulphur,  according  to  the  temperature  at  which  the  observa- 
tions are  made.  The  value  obtained  at  temperatures  above 
800°  C.  is  only  one-third  of  that  found  by  Dumas  at  624°,  and 
by  Mitscherhch  at  508°.  =  3  .  ^  ;  i.e.  (assuming  the  ob- 
servations to  be  correct)  the  molecule  of  sulphur  existing  at 
500°  decomposes  into  three  parts  whenever  its  temperature  is 

'  S.  Cannizzaro,  Sunto  di  un  cmso  di  filosofia  chimica.  Pisa  1858,  p.  15. 
Nuovo  Civiento,  vol.  vii.  1858.) 
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I, 

n. 

m. 

IV. 

V. 



VI. 

Density,  d 

Obs. 

t 

28-87  .  d 

m 

Hydrogen  . 

006926 



Eg 

0°  C. 

2 

2 

Nitrogen  . 
Oxygen 

0-9713 

}} 

0° 

28-04 

=  28-02 

1-10563 

»» 

0° 

31-92 

=  31-92 

Sulphur 

2-23 

DT 

746° 

64-4 

=  63-96 

>i  • 

2-24 

940° 

64-6 

~  »» 

11 

2-17 

VM 

1,400°  cir. 

62-7 

)» 

)j          •  • 

6-62 

Ds 

524° 

191-1 

^' 

=  191-88 

>i          •  • 

6-90 

M 

508° 

199-2 

Chlorine 

2-450 

L 

200° 

70-73 

CI 

=  70-74 

»>          ■  • 

2-44 

VM 

620° 

70-45 

)» 

Cadmium  . 

3-94 

DT 

940° 

113-7 

€ts 

=  111-7 

Phosphorus 

4-35 

Ds 

500° 

125-6 

iB 

=  123-84 

1)        •  • 

4-58 

M 

515° 

132-2 

)» 

=  n 

»» 

4-50 

DT 

940° 

129-9 

Bromine 

5-54 

M 

100° 

159-9 

m 

=  159-52 

)»  • 

5-52 

J 

228° 

159-4 

Selenium  . 

5-68 

DT 

1,420° 

161-1 

=  157-74 

Mercury 

6-98 

Ds 

446° 

201-5 

=  199-8 

>»          •  • 

7-03 

M 

424° 

203-0 

»i 

~  it 

>>  • 

6-86 

YM 

440° 

198-1 

n 

~  »» 

»»          •  • 

6-81 

1,400°  cir. 

196-3 

n 

Iodine 

8-72 

Ds 

185° 

251-7 

=  253-06 

i» 

8-70 

DT 

447° 

251-2 

}> 

»> 

8-72 

>» 

1,040° 

251-7 

Tellurium  . 

9-00 

n 

1,440° 

259-8 

®E 

=  252-3 

»» 

9-08 

»j 

1,390° 

262-1 

Arsenic 

10-65 

M 

644—668° 

307-4 

=  299-6 

>)  • 

10-2 

DT 

746° 

294-5 

Zinc 

2-36 

VM 

1,400°  cir. 

68-1 

=  65 

In  column  III.  the  following  abbreviations  are  used  : — Eg,  Eegnault,  1847  ; 
Ds,  Dumas,  1826  and  1832 ;  M,  Mitscherlich,  1833  ;  DT,  Deville  and  Troost, 
1859  and  1863  ;  L,  E.  Ludwig,  1868  ;  VM,  Victor  Meyer,  1879  and  1886  -,  J,  H, 
Jahn, 1852. 


raised  considerably  above  this  point.  This  molecule  appears, 
therefore,  to  be  a  comparatively  easily  variable  value. 
Whether  the  decomposition  takes  place  suddenly  at  a  definite 
temperature  or  gradually  has  not  yet  been  ascertamed  with 
certainty.  Bineau  '  has  indeed  pubhshed  observations  accord- 
ing to  which  sulphur  vapour  possesses  the  following  densities 
between  700°  and  1,200° :— 


Temperature 

.  714° 

727° 

731° 

743° 

Mean. 

Density 

.  2-8 

2-7 

2-6 

2-8 

2-7° 

Temperature 

.  834° 

851° 

963° 

1082° 

1162° 

Density 

.  2-4 

2-6 

2-4 

2-1 

2-3 

'  Compt.  Rend.  1859,  xlix.  p.  799.    Lieb.  Ann.  1860,  cxiv.  s.  383. 
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But  the  experimental  method  he  employed  is  by  no  means 
accurate.'  The  results  are  doubtful.  But  the  experiments  of 
Deville  and  Troost  on  selenium  render  it  probable  that  the 
numbers  obtained  by  Bineau  for  sulphur  are  not  very  in- 
correct. 

The  density  of  selenium  vapour  compared  with  air  at  the 
same  temperature  and  pressure  is  not  constant.  It  decreases 
with  an  increase  in  temperature.  At  1420°  the  density  gives 
161  as  the  molecular  weight,  which  corresponds  to  the  value 
157*7  obtained  by  quantitative  analysis.  Hence  at  this  tem- 
perature selenium  vapour  appears  to  consist  essentially  of 
molecules,  havmg  the  weight  Se  =  156,  with  which,  however, 
a  certain  number  of  larger  molecules  are  mixed.  The  number 
of  the  large  molecules  must  have  increased  considerably  at 
the  somewhat  lower  temperature  of  940°,  and  at  746°  the 
number  is  again  greater,  since  the  densities  determined  at 
these  temperatures  give  values  for  the  molecular  weight,  which 
do  not  correspond  to  any  stochiometric  quantity. 

The  same  is  true  of  chlorine,  bromine,  and  iodine.  The 
numbers  in  the  table  only  represent  the  molecular  weights  of 
these  elements  below  certain  definite  limits  of  temperature. 
Above  these  limits  smaller  values  are  obtamed,  which  do  not 
exactly  correspond  to  any  stochiometric  quantities.  These 
exceptions  will  be  discussed  in  another  chapter. 

At  certain  temperatures,  therefore,  Avogadro's  law  cannot 
be  employed  for  the  determination  of  the  molecular  weights  of 
these  elements.  It  can  only  be  appHed  where  the  density  of  the 
vapour,  compared  with  the  density  of  air  or  of  another  gas, 
does  not  vary  with  the  temperature,  or  is  constant  within  a 
large  mterval  of  temperature.  (See  §§  28-34 ;  also  section 
XII.) 

This  shows  how  fruitless  was  the  attempt  which  was  fre- 
quently made  to  assign  values  to  the  atomic  weights  (which 
are  theoretically  immutable),  which  should  be  proportional  to 
the  above  molecular  weights,  and  how  futile  it  was  to  take  the 
density  of  the  gas  or  vapour  as  a  direct  measure  of  the  atomic 

•  See  the  criticism  of  H.  Sainte-Claire  DeviUe  and  Troost,  Ann.  Chim 
Phys.  [3],  1860,  Iviii.,  p.  299. 
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weight,  and  not,  as  Avogadro  intended,  of  the  molecular 
weight. 

§  19.  Avogadro's  hypothesis  can  only  be  used  mdirectly 
for  the  determination  of  the  atomic  weights ;  even  then  it  is 
not  perfectly  reliable  under  all  circumstances.  Its  application 
is  based  on  the  notion  that  according  to  the  atomic  theory  no 
molecule  can  contain  fractions  of  atoms. 

The  knowledge  of  the  molecular  weight  of  the  element  in 
the  isolated  state  is  not,  as  a  rule,  sufficient  for  making  this 
determination ;  it  is  necessary  to  know  the  molecular  weight 
of  one  or  more  of  its  compounds.  But  this  can  easily  be 
accomplished  by  means  of  Avogadro's  hypothesis,  which  ap- 
pHes  not  only  to  elements  hitherto  undecomposed,  but  also 
to  all  their  compounds  which  can  be  obtained  in  the  gaseous 
state  (see  §  6).  According  to  this  hjrpothesis  each  gaseous 
compound  contains  exactly  the  same  number  of  molecules  in 
a  given  volume  as  the  same  volume  of  any  of  the  elements 
in  the  gaseous  state.  Hence  we  obtain  the  relative  molecular 
weights  of  compounds  by  multiplying  their  density  in  the 
gaseous  state,  compared  with  air  as  unity,  by  the  coefficient 
28'87.  This  product  must  bear  a  simple  relation  to  the  com- 
bining weight,  and  it  may  be  corrected  by  the  aid  of  the  latter 
number.  For  example,  according  to  Biot  and  Arago,  the 
density  of  hydrochloric  acid  gas  is  1"247,  from  which  it 
follows  that  the  molecular  weight  is  28-87  x  1-247  =  36-00, 
which  nearly  agrees  with  the  sum  of  the  combining  weights  of 
its  constituents,  as  found  by  analysis,  viz.  1  part  by  weight 
of  hydrogen,  and  35-37  parts  by  weight  of  chlorine.  Hence 
the  corrected  molecular  weight  is  36-37. 

According  to  Eegnault's  determination,  the  density  of 
steam  at  100°  C.  =  0-623,  and  the  molecular  weight  =  28-87 
X  0-623  =  17-99.  One  part  of  hydrogen  unites  with  7-98 
parts  of  oxygen  to  form  water.  The  sum  1  +  7-98  =  8-98 
is  nearly  equal  to  half  the  molecular  weight  calculated  from 
the  density.  The  corrected  molecular  weight  is  therefore 
2  X  8-98  =  17-96,  and  this  molecule  contains  2  parts  by 
weight  of  hydrogen,  and  15-96  parts  by  weight  of  oxygen. 

The  calculation  is  scarcely  less  simple  if  the  compound 
does  not  contain  any  hydrogen.    BerzeHus  found  that  the 
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anhydride  of  sulphurous  acid,  composed  of  sulphur  and 
oxygen,  has  the  density  2*247,  which  corresponds  to  the  mole- 
cular weight  28-87  x  2*247  =  64-87.  But  quantitative  ana- 
lysis shows  that  64-87  parts  by  weight  of  this  compound 
contain  32-40  parts  by  weight  of  oxygen,  and  32-47  parts  by 
weight  of  sulphur.  The  combining  weights  of  each  of  these 
elements,  i.e.  the  quantities  which  combine  with  one  part  by 
weight  of  hydrogen,  are  7-98  for  oxygen,  and  16-99  for  sul- 
phur. These  weights  should  stand  ui  a  simple  relation  to  the 
previous  values,  which  is  not  exactly  the  case.  But  the  mul- 
tiples 4  X  7-98  =  31-92,  and  2  x  15-99  =  31-98  approximate 
those  of  the  uncorrected  molecular  weights  32-40  and  32-47  so 
closely  that  we  have  no  hesitation  in  accepting  the  former  as 
correct. 

The  molecular  weight  of  sulphurous  anhydride  is  there- 
fore assumed  to  be  31-92  +  31-98  =  63-90,  instead  of  64-87. 

§  20.  The  stochiometric  numbers  can  not  only  be  used  for 
correctmg  the  molecular  weight  calculated  from  the  vapour 
density  determinations,  but  they  can  also,  under  certain  cir- 
cumstances, be  employed  for  calculating  the  molecular  weight 
when  the  density  cannot  be  correctly  determined.  It  is  only 
necessary  to  observe  how  many  volumes  of  one  or  other  of  the 
constituents  are  contained  in  a  volume  of  the  gaseous  com- 
pomid,  or  how  many  volumes  of  one  or  the  other  products  of 
decomposition  can  be  obtained  from  one  volume  of  the  com- 
pound. The  densities  of  the  hydrides  of  selenium  and  tellu- 
rium have  not  been  du-ectly  determined ;  but  the  experiments 
of  Bineau  •  show  that  both  gases,  when  brought  in  contact 
with  certain  metals,  deposit  all  their  selenium  and  tellurium, 
leavmg  a  volume  of  hydrogen  equal  to  that  of  the  original  gas! 
It  follows  from  these  experiments  that  each  particle  of  sele- 
nium or  tellurium  hydride  contains  exactly  the  same  quantity 
of  hydrogen  as  a  molecule  of  free  hydrogen  contains,  viz. 
two  atoms  (see  §  8). 

But  the  analytical  determinations  show  that  selenium 
hydride  contains  39-43  parts  by  weight  of  selenium  to  1  of 
hydrogen,  and  that  tellurium  hydride  contains  63  parts  by 
weight  of  tellurium  to  1  part  by  weight  of  hydrogen.  Hence 

'  Gmelin's  Handb.  d.  Chemie,  5.  Aufl.  i.  G84,  ii.  804. 
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the  molecular  weights  of  these  compounds  contain  double 
these  quantities.  Thus  the  molecule  of  selenium  hydride  con- 
sists of  2  parts  by  weight  of  hydrogen  and  78-87  parts  by 
weight  of  selenium,  and  tellurium  hydride  contains  2  parts  by 
weight  of  hydrogen  and  126  parts  by  weight  of  tellurium. 

The  molecular  weights  of  these  compounds  are  therefore 
2  +  78-87  =  80-87,  and  2  +  126  =  128,  from  which  the  den- 
sities may  be  calculated. 

80-87 

For  selenium  hydride  d  =  =  2-80,  and  for  tellurium 

28*87 

1  no 

hydride  d  =  -"^i—  =  4-43,  compared  with  air  under  similar 
12*87 

conditions  of  temperature  and  pressure. 

Similarly  the  molecular  weight  and  density  of  hydrobromic 
acid  can  be  deduced  from  the  two  observations,  first,  that  this 
gas  contains  79-76  parts  by  weight  of  bromine  to  one  part  by 
weight  of  hydrogen,  and,  secondly,  that  when  the  bromine  is 
removed  by  metals  or  other  substances,  the  hydrogen  which 
remains  '  occupies  exactly  half  the  volume  of  the  origmal  gas. 

Hence  the  molecule  of  hydrobromic  acid  contains  half  a 
molecule,  i.e.  one  atom  of  hydrogen  and  79-76  parts  by  weight 
of  bromine. 

§  21.  From  the  molecular  weights  of  compounds,  determined 
directly  or  indirectly  by  the  above  methods,  and  corrected  by 
means  of  analytical  experiments,  the  atomic  weights  of  the 
constituents  may  be  deduced.  Since  an  atom  is  defined  as 
that  quantity  which  cannot  be  further  split  up  by  chemical 
decomposition,  it  follows  that  no  molecule  of  a  compound  can 
contain  fractions  of  atoms.  Therefore  that  quantity  of  an 
element  which  is  found  in  the  molecular  weight  of  one  of  its 
compounds  must  represent  at  least  one  atomic  weight,  but  it 
may  represent  two  or  more  atomic  weights.  It  can  only  be 
equal  to  the  atomic  weight  itself,  or  a  simple  multiple  of  the 
same,  and  it  can  never  represent  a  fraction  of  an  atom.  Let 
Q  be  the  quantity  contained  in  a  molecule,  and  A  the  atomic 

weight ;  then  Q  =  7i  .  A,  and  A  =  -  .  Q,  where  the  unknown 
factor  71  represents  a  whole  number,  e.g.  n  -  1,  2,  3,  4,  &c. 

'  Balarcl,  Aim.  Chim.  Phijs.  182G,  x?Lxii.  p.  350. 
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A  =  Qwhen  n=  1,  and  this  is  the  maximum  value  which  can 
be  assigned  to  the  atomic  weight. 

This  process  does  not  fix  the  atomic  weight,  but  is  an  im- 
portant step  towards  so  doing,  since  it  exckides  a  number  of 
possible  values  for  the  same.  For  example,  the  molecular 
weight  of  silicon  chloride,  as  calculated  from  the  vapour 
density-  (5*94)  and  corrected  by  analytical  experiments,  is 
169-5,  viz.,  28  parts  of  silicon  and  141-5  parts  by  weight  of 
chlorine.  Hence  the  atomic  weight  of  silicon  can  only  possess 
one  of  the  following  values  : 

Si  =  28;  orf  =  14;  or  f  =  9-33;  or  ?f  =  7,  &c. 
A  o  4 

The  value  which  was  formerly  accepted  as  the  atomic  weight 
of  sihcon,  Si  =  21,  is  therefore  excluded,  as  in  this  case  the 
molecule  of  the  chloride  would  contain  -f  of  an  atom.  But 
whether  the  atomic  weight  be  28  or  14  remains  undecided. 

The  choice  of  the  possible  values  for  the  atomic  weight  is 
fm-ther  limited  by  comparing  several  compounds  of  the  same 
element. 

It  is  obvious  that  the  quantity  of  chlorine  (141-5)  contained 
in  a  molecule  of  silicon  chloride  consists  of  more  than  one 
atom,  as  compounds  are  known  to  exist  which  contain  a  smaller 
quantity  of  chlorine. 

The  molecular  weight  of  Hquid  chloride  of  phosphorus 
=  137,  containmg  106-1  parts  of  chlorine  ;  that  of  cos^osive 
subHmate  =  270-5,  containing  70-74  parts  of  chlorine ;  and 
the  molecular  weight  of  hydrochloric  acid  =  36-37,  containing 
35-37  parts  by  weight  of  chlorine.  These  amounts  of  chlorine 
are  in  the  proportion  4:3:2:1,  i.e. — 

141-5  =  4  X  35-37  ;  106-1  =  3  x  35-37  ;  70-74  =  2  x  35-37. 

The  atomic  weight  of  chlorine  is  therefore  limited  to  35-37, 
or  to  the  half,  third,  quarter,  or  fifth  of  this  number. 

Not  one  of  the  numerous  compounds  of  chlorine  of  which 
the  molecular  weight  has  been  calculated  from  the  vapour 
density  determination  is  known  to  contain  less  than  35-37 
parts  of  chlorine '  in  a  molecule — i.e.  contains  less  chlorine 

'  The  apparent  exception  in  the  case  of  ammonium  chloride  and  similar 
compounds  is  discussed  in  §§  30  and  31. 
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in  the  gaseous  state  than  is  contained  in  an  equal  volume  of 
hydrochloric  acid  gas.  But  since,  on  the  other  hand,  all  these 
compounds  contam  either  exactly  this  quantity  or  a  simple 
multiple  of  it,  it  is  very  probable  that  the  atomic  weight  of 
chlorine  is  35-37,  and  not  half,  or  a  third,  or  any  other  fraction 
of  this  number.  But  this  does  not  prove  the  assumption  to 
be  correct. 

§  22.  If  a  smgle  gaseous  compound  was  known  which 
contained  only  half  as  much  chlorine  or  hydrogen  as  is  con- 
tained in  the  same  volume  of  hydrochloric  acid  gas,i  it  would 
be  necessary  to  take  the  atomic  weight  as  half  the  above 
number. 

H  =  0-5        and  CI  =  17-685, 
and  1^  =  H,     2,  and  CTI  =  CI,  =  70-74  ; 

or,  if  the  atomic  weight  of  hydrogen  is  taken  as  unity,  then 
H  =  1  and  CI  =  35-37, 

?^  =  H,  =  4,  and  OTl  =  CI,  =  141-48. 

In  the  case  of  hydrogen  gas  this  would  agree  with  Ampere's 
view,  according  to  which  a  molecule  ('  particule ')  contains  at 
least  four  atoms  ('molecules').  The  hope  of  arrivmg  at  a 
knowledge  of  Hauy's  crystallographic  elements,  the  so-called 
'  molecules  integrantes,'  induced  him  to  adopt  the  theory  that 
a  molecule  is  composed  of  at  least  four  atoms.  He  imagined 
that  the  fom-  atoms  are  arranged  like  the  angles  of  a  tetra- 
hedron^and  he  regarded  the  tetrahedral  space  so  bomided  as 
the  desu-ed  '  molecule  integrante.'  This  speculation  has,  so 
far,  borne  no  results,  and  therefore  does  not  appear  justifiable. 
All' known  facts  appear  to  prove  that  the  molecule  of  free 
hydrogen  can  never  be  divided  into  more  than  two  parts ;  con- 
sequently, the  half  molecule  must  be  regarded  as  an  atom, 
and  the  molecule  as  a  compound  of  two  atoms.  H.  Davy's 
experiments  on  the  so-called  '  euchlorine  '  led  Ampere  to  beheve 
that  the  molecule  of  chlorine  contains  eight  atoms.  This  view 
has  proved  equally  unjustifiable. 

But  similar  hypotheses  regarding  phosphorus  and  arsenic 
are  received  as  correct.    The  existence  of  at  least  four  atoms 

1  Some  authors  have  assumed  this  to  be  the  case  for  ammonium  chloride 
(see  §§  30,  31). 
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in  their  molecules  must  be  assumed,  since  compounds  exist 
which  contain,  in  the  gaseous  state,  only  a  quarter  of  the 
quantity  of  arsenic  or  phosphorus  which  is  found  in  the  same 
volume  of  the  free  element  in  the  gaseous  state. 

In  the  above  cases  the  most  probable  value  of  the  atomic 
weight  is  the  smallest  quantity  of  an  element  which  occurs  in 
the  molecular  weight  of  any  of  its  compounds.  Hence  it  is 
clearly  important,  for  the  determination  of  the  atomic  weight, 
to  obtain  a  knowledge  of  the  molecular  weight  especially  of 
those  compounds  which  contain  the  smallest  proportion  by 
volume  of  the  given  element.  In  many  cases  the  atomic  weight 
can  be  deduced  from  those  compounds,  which  undoubtedly 
contain  more  than  a  smgle  atom  in  the  molecule. 

The  maximum  value  for  the  atomic  weight  of  fluorine 
deduced  from  the  molecular  weight  of  methyl  fluoride,  viz., 
34-03,  which  contains  19-06  parts  by  weight  of  fluorine,  can 
also  be  obtamed  by  a  comparison  of  the  molecular  weight  of 
boron  fluoride,  viz.,  68-08,  containing  57-18  parts  by  weight 
of  fluorine,  with  the  molecular  weight  of  sihcon  fluoride,  viz., 
104-24,  contaming  76-24  parts  by  weight  of  fluorine.  Smce 
the  molecule  of  each  of  these  compounds  can  only  be  composed 
of  whole  atoms,  the  difference  between  the  quantities  of  fluorine 
contained  in  both  molecules  must  represent  at  least  one  whole 
atomic  weight.  This  difference,  viz.,  76-24  —  57-18  =  19-06, 
is  equal  to  the  quantity  contained  m  the  molecular  weight  of 
methyl  fluoride. 

Since  the  quantities  contained  in  both  the  other  compounds 
are  simple  multiples  of  this  number,  viz.,  57-18  =  3  x  19-06  and 
76-24  =  4  X  19-06,  the  atomic  weight  of  fluorine  is  taken  as 
19-06,  and  boron  fluoride  and  sihcon  fluoride  are  assumed  to 
contain  respectively  three  and  four  atoms  of  fluorine  in  the 
molecule. 

The  rule  for  deducing  the  atomic  weight  from  the  molecular 
weight  may  in  general  be  expressed  thus :  the  atomic  weight 
of  an  element  must  be  so  determined  that  the  molecular 
weights  of  all  its  compounds  contain  the  element  in  quantities 
which  are  simple  multiples  of  its  atomic  weight. 

This  value  may  be  too  high,  but  can  never  be  too  low, 
provided  the  experimental  results  be  correct.    If  it  is  not  the 
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correct  value  of  one  atom,  it  will  represent  2,  3,  4,  or  any 
other  number  of  whole  atoms  ;  how  many  atoms  it  corres^Donds 
to  cannot  be  decided  offhand. 

Although  the  knowledge  of  the  density  of  the  gas  or  vapour, 
and  of  the  molecular  weight  deduced  therefrom,  is  very  valu- 
able, it  is  nevertheless  not  a  thoroughly  sufficient  means  of 
determining  the  atomic  weight.  It  only  gives  the  maximum 
value  which  can  be  assigned  to  the  atomic  weight,  but  does 
not  decide  whether  the  atomic  weight  is  in  reahty  a  simple 
or  sub-multiple  of  that  maximum.  But  where  the  number 
of  investigated  compounds  is  very  large,  as  is  the  case  for 
carbon,  hydrogen,  nitrogen,  and  other  elements,  the  proba- 
bility is  very  great  that  the  smallest  quantity  of  the  element 
found  in  any  molecule  is  in  reality  the  smallest  quantity  which 
can  be  present,  and  that  this  smallest  quantity  is  the  atomic 
weight  itself,  and  not  a  multiple  of  this  number.  Although  it 
is  not  impossible,  it  is  very  improbable,  that  in  the  investiga- 
tion of  a  large  number  of  the  compounds  of  an  element,  not 
one  should  be  met  with  containing  only  one  single  atom  of 
this  element.  But  where  the  density  in  the  gaseous  state,  and 
consequently  the  molecular  weight,  of  only  one  or  two  of  the 
compounds  of  an  element  has  been  determined,  the  conclu- 
sions deduced  as  to  the  atomic  weight  are  generally  doubtful, 
and  consequently  require  confirmation  by  other  methods. 

§  23.  The  following  table  gives  the  densities  of  a  large 
number  of  compounds  and  the  molecular  weights  deduced 
from  them,  these  compounds  fulfilling  the  conditions  men- 
tioned above  for  determining  the  atomic  weights  ;  that  is,  they 
contain  the  smallest  quantity  of  the  given  element  in  the  unit 
of  volume. 

All  the  elements  of  whose  compounds  the  vapour  density 
has  been  determined  are  contained  in  this  table.  Elements 
which  form  many  such  compounds  are  represented  only  by  a 
selection  from  them. 

Amongst  these  substances  are  placed  the  compounds  of 
those  elements  which  are  not  found  in  the  table,  §  16,  because 
their  molecular  weights  in  the  isolated  or  so-called  free  state 
are  not  known.  It  is  obvious  that  the  knowledge  of  the 
density  in  the  free  state  is  not  required  in  determining  th 
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atomic  weight.  The  first  cohimn  of  the  table  contains  the 
names  of  the  compounds ;  the  second,  under  d,  the  density 
compared  with  air ;  the  third,  the  abbreviation  of  the  name  of 
the  investigator ;  the  fourth,  under  28*87  d,  the  uncorrected 
molecular  weight  in  round  numbers ;  the  fifth,  under  JiH,  the 
molecular  weight  corrected  from  analytical  results ;  finally, 
the  sixth  shows  the  quantities  of  the  constituents  contained  in 
the  molecule ;  i.e.  the  amount  contained  by  the  compound  in 
the  gaseous  state,  in  a  volume  equal  to  that  occupied  by  two 
parts  by  weight  of  hydrogen  under  similar  conditions  of  tem- 
perature and  pressure.  The  following  abbreviations  are  used 
for  the  names  of  the  investigators  :  B.  A.,  Biot  and  Arago ; 
Ba.,  Balard ;  Be.,  Berard ;  Bi.,  Bineau ;  Bk.,  Buckton ;  Bn., 
Bunsen  ;  Bt.,  Butlerow ;  Bz.,  Berzelius ;  Ch.,  Cahom^s  ;  Col., 
Colin ;  Db.,  Debray ;  D.  Db.,  Deville  and  Debray ;  Ds., 
Dumas ;  Ds.  P.,  Dumas  and  Peligot ;  D.  T.,  Deville  and 
Troost;  Dv.,  John  Davy;  E.  L.,  Emmerling  and  Lengyel ; 
Fd.,  Friedel;  Fd.  C,  Friedel  and  Crafts;  Fk.,  Frankland; 
G.-L.,  Gay-Lussac ;  Hf.,  A.  W.  Hofmann ;  Jq.,  Jacquelm ; 
Kb.,  Kolbe;  L.  B.,  Lecoq  de  Boisbaudran ;  L.  S.,  Lowig  and 
Schweitzer  ;  Mt.,  Mitscherlich  ;  Ec,  Eoscoe  ;  Eg.,  Eegnault ; 
Es.,  Eose;  SI.,  Salet ;  T.  H.,  Troost  and  Hautefeuille ;  TmT, 
Thompson ;  Tn.,  Than ;  Tp.,  Thorpe ;  V.  M.,  Victor  Meyer ; 
W.  D.,  Wohler  and  Deville ;  Wd.,  Wrede ;  Wk.,  Wanklyn ; 
Wt.,  Walter  ;  Wz.,  Wiirtz  ;  Z.,  Zimmermann. 


Vapour  Densities  and  Molecular  Weights. 


d. 

Observ. 

28-87d 

CONSTITUEKTS 

Parts  by  Weight  of 

Hydrofluoric  acid 

Gore 

20-06'  1 

10 
19-06 

hydrogen 
fluorine 

Hydrochloric  acid 

1-247 

B.  A. 

36-0 

36-37  { 

10 

35-37 

hydrogen 
chlorine 

Hydrobromic  acid 

Ba 

80-76  1 

10 
79-76 

hydrogen 
bromine 

Hydriodic  acid  . 
Water 

{ 

4-443 

0-623 
0-623 

G.  L. 

Eg 
D.  T. 

128-0 

17-99 
17-99 

127-53  1 

17-96 
17-96 

10 
126-53 
15-96 
2-0 

hydrogen 
iodine 
oxygen 
hydrogen 

'  Determined  indirectly  ;  see  §20,  p.  31.  According  to  Mallet  (Amer.  Cheni. 
Journ.  1881,  iii.  189),  the  molecular  weight  should  be  double. 
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Vapour  Densities  and  Molecular  Weights — co7itinued. 


CONSTITtTENTS 

d. 

Observ. 

28'87£Z 

fin 

3*1 

Parts  by  "Weight  of 

Sulphuretted  hydrogen 

1-191 

G.  L. 

34-4 

33-98  1 

31-98 

2-0 

sulphur 
hydrogen 

Sulphur  dioxide  . 

2-247 

Bz 

64-9 

63-90  { 

31-98 

31-92 

sulphur 
oxygen 

Sulphur  trioxide . 

3-01 

Mt 

86-9 

79-86  1 

31-98 

47-88 
31-93 

sulphur 

oxygen 

sulphur 

Snlnhurvl  chloride 

4-67 

134-8 

134-64  1 

31-92 

oxygen 

70-74 

chlorine 

Selenium  hydride 

Bi. 

80-87'  1 

78-87 

2-0 

selenium 
hydrogen 

Selenium  dioxide 

4-03 

Mt. 

116-0 

111-79  { 

78-87 

31-92 

selenium 
oxygen 

Tellurium  hydride 

— 

Bi. 

— 

128-32  1 

126-3 
2-0 

tellurium 
hydrogen 

Ammonia  . 

0-597 

BA. 

17-2 

17-01  { 

1401 

3-0 

nitrogen 
hydrogen 

Nitric  oxide 

1-039 

B6. 

30-0 

29-97  { 

1401 
15-96 

nitrogen 
oxygen 

Nitrous  oxide 

1-520 

Col. 

43-9 

43-98  \ 

15-96 

28-02 

oxygen 
nitrogen 

Phosphorus  hydride  . 

1-15 

Rs. 

33-1 

33-96  1 

30-96 

30 

phosphorus 
hydrogen 

Phosphorus  penta- 

Tp. 

126-26  1 

30-96 

phosphorus 

95-3 

fluorine 

Pffo^horous  chloride . 

4-88 

Ds. 

140-9 

137-07  1 

3096 
106-11 

phosphorus 
chlorine 

Phosphorus  oxychlo- 
ride 

5-40 

Wz. 

155-9 

153-03  1 

30-96 
15-96 

phosphorus 
oxygen 

106-11 

chlorine 

Ph6sphorus  sulpho- 
chloride 

5-88 

Ch. 

169-7 

169-05 

30-  96 

31-  98 
106-11 

30-96 

phosphorus 
sulphur 
chlorine 
phosphorus 

Triethyl  phosphine 
oxide 

4-60 

Hf. 

132-8 

183-74  - 

1596 

71-82 
15-0 

oxygen 
carbon 
hydrogen 

Ar  seniuretted  hy  di-ogen 

2-695 

Ds. 

77-8 

77-9  { 

74-9 
3-0 

arsenic 
hydrogen 

Arsenious  chloride 

6-30 

Ds. 

181-9 

181-0  1 

74-9 
106-11 
74-9 

arsenic 

chlorine 

arsenic 

131-7 

140-2  \ 

35-37 

1  chlorine 

Cacodyl  chloride . 

4-56 

Bn. 

23-94 
6-0 
74-9 

carbon 

hydrogen 

arsenic 

Cacodyl  cyanide . 

4-63 

Bn. 

133-7 

130-8  1 

14-01 

35-91 
6-0 

nitrogen 

carbon 

hydrogen 

454-5  { 

74-9 

arsenic 

Arsenic  tri-iodide 

16-1 

Mt. 

464-8 

379-59 

iodine 

'  Indirect  determination.    See  §  20. 

*  Density  not  given.    Chem.  News,  1876,  xxxii.  232. 
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Vapoub  Densities  and  Molectjlab  Weiqstb— continued. 


Constituents 

d. 

Observ. 

28-87d 

M 

Parts  by  Weight  of 

Antimony  trichloride  . 

7-8 

Mt. 

224-7 

226-1  \ 

1200 

106-11 

1  OA  A 

120-0 

antimony 

chlorine 

antimony 

Antimony  triethide 

7-44 

L.  S. 

214-8 

206-8  ■ 

71-82 

carbon 

15-0 
207-5 

hydrogen 
bismuth 

Bismuth  trichloride  . 

11-35 

Jq. 

327-7 

313-6 

106-11 

chlorine 

Boron  trifluoride 

2-312 

Ds. 

66-8 

68-1  • 

10-9 

57-18 

boron 
fluorine 

Boron  trichloride  | 

3-942 

Ds. 

113-8 

117-0 

10-9 

boron 

4-02 

W.  D. 

116-1 

117-0 

106-11 

chlorine 

Boron  tribromide 

8-78 

W.  D. 

253-5 

250-2  ■ 

10-9 

239-25 
10-9 

boron 

bromine 

boron 

Boron  trimethide 

1-93 

Fk. 

55-7 

55-8  - 

1 

35-91 
9-0 

carbon 
hydrogen 

Indium  chloride . 

7-78 

V.  M. 

224-7 

219-5 

113-4 

106-1 

indium 
chlorine 

Marsh  gas  . 

0-555 

Tm. 

16-0 

15-97  ■ 

11-97 
4-0 
11-97 

carbon 

hydrogen 

carbon 

Methyl  fluoride  . 

1-186 

Ds.  P. 

34-3 

34-03  - 

1906 

fluorine 

3-0 
11-97 

hydrogen 
carbon 

Methyl  chloride  . 

1-736 

Ds.  P. 

50-1 

50-34  • 

35'37 

f^hloTine 

3-0 
11-97 

hydrogen 
carbon 

Methyl  bromide  . 

3-253 

Bn. 

93-9 

94-73  . 

79-76 

bromine 

. 

r 

3-0 
11-97 

hydrogen 
carbon 

Methyl  iodide 

4-883 

Ds.  P, 

141-0 

141-50  . 

126<53 

iodine 

3-0 
11-97 

hydrogen 
carbon 

Chloroform 

4-20 

Ds. 

181-3 

119-08  . 

1-0 

106-11 

hydrogen 
chlorine 

Carbon  tetrachloride  | 

5-24 
5-33 

Kb. 
Eg. 

151-3 
153-9 

153-45 
153-45 

. 

11-97 

141-48 

carbon 
chlorine 

Carbon  monoxide 

0-968 

Wd. 

27-96 

27-93 

( 

11-97 

1  R.Qi? 

lO'UV 

carbon 

oxygen 

Carbon  dioxide  . 

1-529 

Eg. 

44-15 

43-89 

( 
f 

11-97 
31-92 
11-97 

carbon 
oxygen 
carbon 

Carbon  oxychloride  . 

3-505 

E.  L. 

101-2 

98-67  - 

1 

15-96 
70-74 
11-97 

oxygen 

chlorine 

carbon 

Carbon  oxysulphide  . 

2-105 

Tn. 

60-8 

59-91 

1 

15-96 
31-98 

oxygen 
sulphur 

Carbon  bisulphide 

2-645 

G.  L. 

76-4 

75-93 

{ 

11-97 

63-96 
11-97 

carbon 

suli)hur 

carbon 

Hydrocyanic  acid 

0-948 

G.  L. 

27-4 

26-98 

1401 
1-0 

nitrogen 
hydrogen 
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Vapour  Densities  and  Moleoulab  Weights — continued. 


COXSTXTUEXTS 

d. 

Observ. 

Parts  by  Weight  of 

11-97 

carbon 

Cyanogen  chloride 

2-13 

SI. 

61-5 

61-35  ■ 

1401 

nitrogen 

35-37 
11-97 

chlorine 
carbon 

Cyanic  acid 

T  H 

1401 

nitrogen 

15-96 
11-97 

oxygen 
carbon 

Methyl  alcohol 

1-12 

Ds.  P. 

32-3 

31-93  ] 

15-96 

oxygen 

4-0 
11-97 

hydrogen 
carbon 

Methyl  nitrate  . 

2-64 

Ds.  P. 

76-2 

76-86  . 

1401 

3-0 
47-88 

nitrogen 

hydrogen 

oxygen 

Silicon  fluoride  . 

3-57 

Dv. 

103-0 

104-24  { 

280 

76-24 

silicon 
fluorine 

Silicon  chloride  . 

5-94 

Ds. 

171-5 

169-5  1 

28-0 

141-48 

silicon 
chlorine 

Silicon  iodide 

191 

Fd. 

551-4 

534-1  1 

\ 

1 

280 

506-12 
280 

sihcon 
iodine 
silicon 

Silicon  ethide 

5-13 

Fd.  C. 

148-1 

143-8  J 
I 

95-76 
20-0 

carbon 
hydrogen 

Titanium  chloride 

6-84 

Ds. 

197-5 

189-5  1 

480 

141-48 

titanium 
chlorine 

Zirconium  chloride 

8-15 

D.  T. 

235-4 

231-88  { 

90-4 

141-48 

zu-conium 
chlorine 

Stannic  chloride . 

9-20 

Ds. 

265-7 

258-83  1 

117-35 
141-48 
117-36 

tin 

chlorine 
tin 

Stannic-etnide  . 

95-76 

carbon 

( 

20-0 
117-35 

hydrogen 
tin 

Stannic -triethide  i 
chloride  > 

8-48 

Ch. 

243-4 

239-54  \ 

35-37 
71-82 
15-0 
117-35 

chlorine 
carbon 
hydrogen 
tin 

Stannic-triethide  bro-  \ 
mide  > 

9-92 

Ch. 

286-4 

283-9  - 

79-76 

71-82 

bromine 
carbon 

V 

15-0 
117-35 

livdro£?en 
tin 

Stannic-trimethide  ) 
iodide  ' 

10-33 

Ch. 

298-2 

288-8  ■ 

126-53 

35-91 

iodine 
carbon 

9-0 

hydrogen 

274-3 

277-14  1 

206-4 

lead 

Lead  chloride 

9-5 

Ec. 

70-74 
206-4 

chlorine 
lead 

Lead  methide 

9-6 

Bt. 

277-2 

266-3  ■ 

47-88 

carbon 

12-0 

hydrogen 

236-7 

239-07  { 

203-7 

thaUium 

Thallium  chloride 

8-2 

Ec. 

35-37 

chlorine 

135-64  1 

64-9 

zinc 

Zinc  chloride 

4-57 

V.  M. 

131-9 

70-74 

chlorine 
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Vapour  Densities  and  Molecular  WmasTS— continued. 


Constituents 

d. 

Obsei-v. 

Parts  by  Weight  of 

• 

64-9 

zinc 

Zinc  inethide 

Wlr 

yD  u 

23-94 

6-0 
64-9 

carbon 

hydrogen 

zinc 

Zinc  ethide 

4-62 

Fk. 

123-0 

122-8  - 

( 

47-88 

carbon 

u,  L . 

10-0 

hydrogen 

Cadmium  . 

lld-7 

111-7 

111-7 

cadmium 

Cadmimn  bromide 

9-25 

V.  M. 

267-1 

271-2 

( 

111-7 

159-5 

cadmium 
bromine 

Mercury 

u  yo 

Ds. 

ZUl  0 

199-8 

mercury 

Mercuric  chloride 

9-8 

Mt. 

283-0 

270-5 

( 

199-8 

70-74 

mercury 
chlorine 

Mercuric  bromide 

12-16 

Mt. 

351-0 

359-3  . 

f 

199-8 

159-5 

mercury 
bromine 

Mercuric  iodide  . 

16-2 

Mt. 

468-0 

452-9  - 

f 

. 

199-8 

253-06 
199-8 

mercury 

iodine 

mercury 

Mercuric  methide 

8-29 

Bk. 

239-4 

229-7  ■ 

■ 

23-94 
6-0 

carbon 
hydrogen 

rik. 

199-8 

mercury 

Mercuric  ethide  . 

9-97 

287-8 

257-7  ■ 

47-88 
10-0 

carbon 
hydrogen 

Osmium  trioxide 

8-9 

D.  Db. 

257-0 

262-4 ' 

198-6 

osmium 

63-84 

oxygen 

Chromium    oxychlo- 1 

5-55 

Bi. 

159-0 

155-1 

52-4 
31-92 

chromium 

ride  1 

5-9 

Wt. 

170-0 



oxygen 

70-74 

chlorine 

Molvbdpnnm     npnt?i.-  \ 
chloride  ) 

9-46 

Db. 

273-0 

272-7 

95-9 

176-8.'; 

molybdenum 

L/iilUi-lUtJ 

lide  ) 

12-7 

Ec. 

366  0 

360-5 

183-6 

176-85 

tungsten 
chlorine 

Tungsten    hexachlo- 1 
nde  ) 

13-2 

Ec. 

382-0 

395-8  ■ 

183-6 

212-22 

tungsten 
chlorine 

xuii^bicu  UA.jrciiioriu.e  . 

r 

183-6 

tungsten 

XbC. 

0'±£i\J 

o41-U 

15-96 

141-48 

oxygen 
chlorine 

yjLaiLnxLii  ucuraunioricie 

ii. 

dHl-3 

239-8 

uranium 

141-48 

chlorine 

Uranium  tetrabromide 

19-46 

z. 

561-8 

558-8  . 

239-8 

uranium 

319-04 

bromine 

Vanadium  tetrachlo- 1 

6-69  = 

Ec. 

193-0 

192-7 

61-21 

vanadium 

ride  J 

141-48 

chlorine 

51-21 

vanadium 

Vanadium  oxychloride 

6-11 

Ec. 

176-0 

173-3  • 

15-96 
106-11 

oxygen 
chlorine 

Niobium  chloride 

9-6 

D.  T. 

277-0 

270-6 

93-7 

niobivun 

176-85 

chlorine 

'  Probably  somewhat  lower.   See  §  5. 

'  In  Eoscoe's  paper  in  the  Ann.  Cheni.  Pharm.  1870,  vii.  Suppl.-Bd.  75, 
there  is  a  misprint,  viz.  6-99  for  6-69. 
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Vapour  Densities  and  Molecular  WmanTS— continued. 


m 

CONRTrrUESTS 

d. 

ObserT. 

28-87(Z 

Parts  by  Weight  of 

93-7 

niobium 

Niobium  oxychloride  . 

7-88 

D.  T. 

228-0 

215-77 

15-96 

"•"■JO*'" 

106-11 

p.hlnTinfi 

Tantalum  chloride 

12-9 

D.  T. 

372-0 

358-9 

( 

1820 

176-85 

tflTitalnm 

UdilA  iiOil  Kill 

f*hlnTi'np 

7-05 

V  M 

203-5 

197-0  1 

126-46 
70-74 

COT)  Tier 
clilorine 

A  InTniTn nTY>  i^li  1  rvvin o 

266-3 

1 

54-08 
212-22 

alnminium 

A  InTYiTrmTm  lM*rMYii/^o 

xHLli-LLllllUlXI   UXUXllXUC  • 

T)  T 

537-0 

532-6 

1 

54-08 
478-5 

aluminium 
bromine 

ixiULIllIllUIIl  10L11U6  • 

97'n 

"n  T 

U.  J.  • 

1  OU  V 

813-26 

1 

04  UO 

759-18 

alummium 
iodine 

Ferric  chloride    .  | 

11-39 
11-14 

D.  T. 
V.  M. 

329-0 
322-0 

324-0 
324-0 

111-8 
212-22 

iron 

chlorine 

GaUium  trichloride 

at  247°  . 

13-4 

F. 

387-0 

352-0 

139-8 

gallium 

at  280°  . 

11-9 

L.  B. 

343-0 

)» 

212-2 

chlorine 

at  357°  . 

i  10-6 

L.  B. 

3030 

») 

at  357°  . 

1  8-5 

F. 

)» 

at  447°  . 

i  7-8 

L.  B. 

f  1 

at  447°  . 

6-6 

F. 

190-0 

»» 

Potassium  iodide 

5-85 

V.  M. 

168-9 

165-6 

{ 

126-5 
39-1 

iodine 
j  potassium 

The  compounds  enumerated  in  this  table  contain  39  diffe- 
rent elements,  which  is  about  half  the  number  of  the  elements 
at  present  known. 

For  some  of  these  compounds,  especially  for  those  which 
are  only  volatile  at  high  temperatures,  there  is  a  large  differ- 
ence between  the  molecular  weights  calculated  from  the  ob- 
served densities  and  the  corrected  numbers.  This  difference 
may  in  many  cases  arise  from  impurity  or  from  partial  de- 
composition of  the  substance,  or  from  an  error  of  experiment. 

§  24.  Wliether  we  are  justified  in  regarding  the  smallest 
quantity  of  any  of  these  39  elements,  occurring  in  then*  com- 
pounds, as  the  atomic  weight,  is  a  question  which  may  be 
answered  in  the  afl&rmative,  for  these  elements  form  a  large 
number  of  compounds  the  vapour  density  of  which  is  known. 
It  is  therefore  probable  that  some  at  least  of  the  compounds 
are  known  which  contain  only  one  atom  of  the  element  in  the 
molecule.  This  probability  is  considerably  increased  by  the 
ckcumstance  that  the  compounds  which  contain  a  small  num- 
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ber  of  atoms  and  possess  a  correspondingly  small  molecular 
weight,  are,  as  a  rule,  more  easily  volatile,  more  easily  obtained 
in  the  gaseous  state,  and  therefore  more  easily  investigated 
than  compounds  of  the  same  elements,  with  a  larger  number 
of  atoms  in  the  molecule  and  with  a  correspondingly  higher 
molecular  weight.  The  probability  must  not  be  regarded  as 
a  certainty,  smce  the  possibility  is  ever  present  of  another 
compound  being  discovered  which  might  contain  a  smaller 
quantity  of  one  of  these  elements  in  its  molecule  than  had 
hitherto  been  observed.  This  possibility  increases  when  only 
a  small  number  of  the  compomids  of  the  given  element  have 
been  investigated,  since  in  this  case  it  is  less  certain  that 
there  exists  amongst  the  investigated  bodies  one  compound 
containing  only  one  atom  of  the  element  in  its  molecule. 

But  the  smallest  quantity  contained  in  a  molecular  weight 
will  always  be  regarded  as  the  atomic  weight  till  reasons  are 
discovered  which  render  it  probable  or  place  it  beyond  doubt 
that  these  quantities  consist  of  two,  three,  or  more  atoms. 
Such  reasons  exist  in  the  case  of  the  elements  copper,  alu- 
minium, and  iron.^ 

The  quantity  of  metal  occurring  in  the  molecule  of  their 
chlorine,  bromme,  and  iodine  compounds  can  hardly  consist 
of  one  atom,  but  in  all  probability  of  two.  The  same  conclu- 
sion may  apparently  be  drawn  in  the  case  of  aluminium  from 
the  determination  of  the  density  of  its  methyl  compound  by 
Buckton  and  OdHng.^  The  density  was  found  to  be  so  small 
that  less  than  54*08  parts  by  weight  of  alummium  are  con- 
tained in  the  molecular  weight  deduced  from  this  observation. 
It  is,  however,  probable  that  the  compound  was  decomposed 
at  the  temperature  used  for  its  volatihsation,  so  that  the 
volume  occupied  by  the  products  of  decomposition,  and  not 
the  volume  of  aluminium  methide,  was  measured.^ 

With  regard  to  the  remainmg  33  elements  in  the  table, 
there  is  at  present  no  reason  why  the  smallest  quantities 
occurring  in  the  molecular  weights  should  not  be  regarded 
as  the  atomic  weights.    On  the  contrary,  this  assumption  is 

'  See  §  39.       «  Lond.  Roy.  Soc.  Proc.  xiv.  19  ;  PMl  Mag.  [4],  xxix.  316. 
'  WiUiamson,  Roy.  Soc.  Proc.  xiv.  74 ;  Phil.  Mag.  [4],  xxix.  395  A. 
Wanklyn,  ibid.  p.  313. 
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strengthened  by  frequent  confirmation,  otherwise  its  value 
would  be  but  doubtful. 

§  25.  A  comparison  of  the  atomic  weights,  determined  with 
the  aid  of  Avogadro's  hypothesis  from  the  molecular  weights 
of  compounds,  with  the  molecular  weights  of  the  elements 
themselves,  so  far  as  these  are  known,  shows  that  only  in  the 
case  of  mercury,  cadmium,  and  zinc  are  the  atomic  and  mole- 
cular weights  identical.  In  the  case  of  all  the  other  elements 
the  molecular  weight  is  a  multiple  of  the  atomic  weight. 


jilleiuent 

Atomic  Weight 

Molecular  Weight 

Hydrogen  . 

■qr 

L 

lEi  — 

W  - 

z 

Boron  .... 

■R 
J-> 

_ 

XV  tf 

30  — 

9 

Carbon 

itr  — 

0 

I 

Nitrogen 

"NT 

al2  = 

IvT 

Oxygen 

KJ 

1  K-QR 

rfa  - 
CB  = 

01-92 

Fluorine 

■ff  — 

9 

Silicon        .       .  •  . 

Ol 

OR 

At  _ 

9 

Phosphorus 

P 
.L 

tJxJ  %/\J 

3a  — 

13  — 

P  — 

10a. Q/l 

Sulphur      .       .  . 

Q 

OA 

A  — 

— 

D£)  yo 

or  — 

q" 

iy±  00 

Chlorine 

00  0 1 

tfr\  — 

Titanium 

Ti 

= 

48 

CCt  = 

? 

Vanadium  . 

V 

w  — 

9 

Chromium  . 

Cr 

5245 

= 

? 

Zinc  .... 

Zn 

64-9 

Zn  = 

Zn  = 

64-9 

Gallium 

tea 

Arsenic 

As 

74-9 

= 

Asj  - 

299-6 

Selenium 

Se 

78-9 

= 

Se„  = 

157-8 

Bromine 

Br 

79-76 

= 

Br'  = 

159-52' 

Zirconium  . 

Zr 

90-4 

Zv  = 

? 

Niobium 

Nb 

93-7 

^6  = 

? 

Molybdenum 

Mo 

95-9 

Ma  = 

? 

Cadmium  . 

Cd 

111-7 

C»  = 

Cd  = 

111-7 

Indium 

In 

113-4 

S«  = 

113-4 

Tin  . 

Sn 

117-35 

= 

? 

Antimony  . 

Sb 

120 

= 

? 

Tellurium  . 

Te 

126-3 

Tea  - 

252-6 

Iodine 

I 

126-53 

B  = 

I.  = 

253-06 

Tantalum  . 

Ta 

182 

= 

? 

Tungsten  . 

W 

183-6 

m  = 

? 

• 

Osmium 

Os 

195 

m  = 

9 

Mercury 

Hg 

199-8 

m  = 

Hg  = 

199-8 

Thallium  . 

Tl 

203-7 

m  = 

? 

Lead  .... 

Pb 

206-39 

mh  = 

? 

Bismuth     .       .  . 

Bi 

207-5 

m  = 

? 

Uranium 

U 

239-8 

m  = 

? 

'  Above  800°.  ^  At  500°.  ^  Below  600°.  Above  this  temperature  mole- 
cules of  CI  occur  which  =  35-37,  and  Br  =  79-76  ;  I  =  126-53.  At  1,200°  these 
form  half  the  weight  or  two-thirds  the  number  of  the  molecules. 
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The  preceding  table  contains  the  atomic  and  molecular 
weights  of  the  elements  which  have  up  to  the  present  time 
been  determined  by  means  of  Avogadro's  hypothesis.  The 
atomic  weights  are  placed  after  the  initials  of  the  names  of 
the  elements  in  Eoman  capitals,  and  the  molecular  weights 
after  the  corresponding  Gothic  capitals.  The  last  column  of 
the  table  shows  the  relation  between  the  two  values.  The 
elements  ar.e  arranged  in  the  order  of  their  atomic  weights. 

The  table  contains  all  the  non-metals  which  are  at  present 
known.  Nearly  all  the  brittle  or  semi-metals  are  included  in 
it,  but  only  a  very  small  number  of  the  malleable  ones,  whilst 
all  the  hghter  metals  and  many  of  the  heavy  metals  are 
absent. 

If  the  slight  corrections  which  recent  investigations  have 
made  in  the  stochiometric  values  are  not  taken  into  account, 
the  atomic  weights  in  the  second  column  are  identical  with 
those  which  Berzelius  represented  by  plain  symbols, ^  with  the 
exception  of  boron,  silicon,  vanadium,  zirconium,  niobium, 
and  tantalum.  Berzelius,  however,  generally  took  oxygen,  and 
not  hydrogen,  as  the  standard  for  atomic  weights.^  But  the 
atomic  weights  of  about  half  the  elements  differ  from  Gmelin's 
so-called  equivalent  weights,  which  were  for  a  considerable 
time  the  only  values  used.  They  are  at  present  to  be  found 
in  Leopold  Gmelin's  Treatise  on  Chemistry,^  and  in  many 
other  works,  but  have  quite  disappeared  from  recent  text- 
books. 

The  return  from  Gmelm's  atomic  weights  to  those  of 
Berzehus  was  not  by  any  means  accompHshed  so  smoothly  as 
could  have  been  desired.  The  process  of  transition  pursued  a 
confused  and  devious  course.  As  Gerhardt  was  guided  solely 
by  Avogadro's  law  and  the  chemical  equivalents  in  his  pro- 
posed reform  of  the  system  of  organic  chemistry,  he  was 
compelled,  in  the  case  of  the  non-metals  and  the  semi-metals, 

'  The  relation  between  the  views  of  Berzelius  and  those  now  in  vogue  is 
discussed  by  Blomstrand,  Chemie  der  Jetztzeit,  Sc.  Heidelberg,  1869. 

2  The  tables  of  atomic  weights  of  1826  (Berzelius,  Jahrcsber.  No.  vii.  73) 
contain  the  values  now  in  use  for  the  atomic  weights  compared  with  hydrogen 
as  unity,  e.g.  0  =  16,  S  =  32-2,  &c. 

'  L.  Gmelin,  Handbttch  der  Chemie,  5.  Aufl.  i.  46. 
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both  of  which  form  volatile  comiDOunds,  to  reintroduce  those 
atomic  weights  which  Berzelius  had  represented  by  non-barred 
symbols.  In  the  case  of  the  metals  he  did  not  proceed  from  a 
safe  basis,  and  frequently  fell  into  great  errors.  Like  Gmelin, 
he  selected  hydrogen  as  the  standard  of  atomic  weight,  but  he 
differed  from  him  by  taking  the  simple  atom  H  as  the  standard, 
and  not  the  double  atom  H  of  Berzelius,  corresponding  to  the 
electrolytic  equivalent  of  hydrogen.  Consequently  he  ought 
to  have  represented  the  atomic  weights  of  the  metals  by 
numbers  twice  as  large  as  those  which  Gmelin  and  Berzelius 
had  employed.  But  instead  of  so  doing  he  retained  GmeHn's 
numbers,  and  consequently  halved  the  atomic  weights  without 
changing  their  symbols.  But  Gmelin  had  previously  used  the 
non-barred  symbols  of  Berzelius  to  represent  quantities  of 
many  of  the  semi-  and  non-metals  which,  when  compared  with 
the  atomic  weight  of  oxygen,  were  double  the  atomic  weights 
used  by  Berzelius,  and  now  Gerhardt  employed  the  same 
symbols  to  represent  quantities  of  the  metals  which  were 
only  equal  to  half  the  atomic  weight  accepted  by  Gmelm  and 
Berzelius.  Hence  almost  every  atomic  symbol  has  had  two 
or  often  more  distinct  meanings  assigned  to  it  by  different 
authors.  To  avoid  this  state  of  confusion  Williamson  ^  pro- 
posed to  bar  the  symbols  of  all  those  atomic  weights  which 
bore  double  the  value  assigned  to  them  by  Gmelin.  This  was 
not  a  very  happy  suggestion,  as  the  barred  symbols  of  Ber- 
zelius had  already  been  used  by  him  to  represent  two  atoms — 
the  so-called  double  atom — and  not  one  single  atom.  The 
barred  symbols  remained  in  use  for  some  time  in  order  to 
avoid  confusion.  They  have  now  become  superfluous,  since, 
with  a  few  exceptions  which  are  universally  acknowledged  as 
necessary,  the  atomic  weights  of  Berzelius  have  been  remtro- 
duced,  so  that  there  is  no  reason  for  any  misunderstanding. 

§  26.  It  is  shown  in  the  table  (p.  44)  that  Avogadro's  hy- 
pothesis leads  to  the  conclusion  that  the  molecules  of  most  of 
the  so-called  simple  bodies  are  compounds  of  several  atoms. 
This  apparently  surprising  result  is  in  complete  accord  with 
the  properties  and  the  behaviour  of  these  bodies.    Unless  we 


'  Ann.  Chem.  Pliarm.  1854,  xci.  211. 
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assume  that  the  elements  in  the  so-called  free  state  consist  of 
atoms  combined  together  to  form  groups,  and  not  of  isolated 
atoms,  many  of  the  properties  of  the  elements  which  now 
admit  of  a  very  simple  explanation  would  appear  quite  enig- 
matic. This  is,  indeed,  the  sole  hypothesis  which  is  capable 
of  explaining  satisfactorily  the  remarkable  phenomena  of  the 
status  nascendi. 

It  would  be  very  difficult,  unless  this  atomic  grouping  is 
assumed,  to  conceive  why  elements  which  only  exhibit  weak 
affinities  in  the  so-called  free  state  should  enter  into  com- 
bination much  more  readily  in  the  nascent  state.   But  it  is  at 
once  clear,  if  we  consider,  that  in  the  free  state  the  atoms  are 
combined  with  each  other  to  form  regular  groups  or  mole- 
cules ;  but  that  in  the  nascent  state  the  individual  atoms  are 
isolated.    In  the  first  case,  before  an  atom  can  form  a  new 
compound,  it  must  overcome  the  force  by  which  it  is  held  in 
combination  with  the  other  atoms.   But  in  the  status  nascendi 
there  is  no  resistance  to  overcome  and  consequently  the  atoms 
will  enter  into  combination  much  more  readily.    It  is  well 
known  that  oxygen  and  hydrogen  m  the  free  state  do  not 
combine  when  they  are  brought  together  at  the  ordinary 
temperature,  but  do  so  at  a  higher  temperature,  i.e.  if  the 
coherence  of  the  molecules  00  and  HH  is  destroyed  by 
raising  the  temperature.    But  at  the  moment  when  they  are 
Hberated  and  are  in  status  nascendi,  i.e.  before  their  atoms 
have  united  together  to  form  molecules,  the  combination  of 
0  with  H2  to  form  water  takes  place  even  at  the  ordinary 
temperature.    Free  carbon  and  free  nitrogen  belong  to  the 
class  of  the  most  inactive  bodies  known,  since  they  not  only 
unite  with  very  few  other  substances  but  only  enter  into 
combination  with  these  at  very  high  temperatures.    But  they 
readily  enter  into  new  combinations  when  they  are  set  free 
from  any  of  their  compounds.    For  example,  it  is  with  great 
difficulty  that  either  of  these  elements  combines  directly  with 
hydrogen,  the  combination,  however,  takes  place  readily  when 
nascent  hydrogen  acts  on  then-  compounds  with  oxygen. 
Ammonia,  NH3,  is  easily  formed  in  this  way  from  nitric  acid 
and  from  other  oxygen  compounds  of  nitrogen,  though  it  is 
very  difficult  to  obtain  it  from  NN  and  HH,  obviously  because 
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the  force  which  unites  N  with  N  and  H  with  H  must  first  be 
overcome. 

A  large  number  of  so-called  organic  compounds  are  formed 
in  the  green  leaves  of  plants,  under  the  influence  of  light,  by 
the  carbon  and  hydrogen  entirely  or  partially  losing  the  oxygen 
with  which  they  are  combined,  and  satisfying  the  forces  of 
affinity  set  free  by  union  with  each  other. 

These  and  numerous  other  cases  would  remain  unex- 
plained if  it  were  not  for  this  result  of  Avogadro's  theory, 
which  offers  such  a  simple  explanation  of  the  facts. 

§  27.  There  still  remains  the  possibility  of  assuming  that 
the  smallest  quantities  of  the  elements  contained  in  the 
molecular  weights  of  their  compounds  are  not  simple  atoms 
but  always  groups  of  several  atoms. 

This  idea  is,  however,  directly  opposed  to  the  following 
very  important  observation.  By  determining  the  rate  of  the 
propagation  of  sound  in  the  vapour  of  mercury,  Kundt  and 
Warburg  ^  showed  that  the  molecules  of  this  vapour  do  not 
possess  any  internal  movement,  and  do  not,  therefore,  consist 
of  several  parts  movmg  towards  each  other.  Hence  it  is  at 
least  highly  probable,  although  not  positively  proved,  that 
the  molecular  weight  is,  as  previously  stated,  equal  to  the 
atomic  weight  itself  and  not  to  one  of  its  multiples.  J udging 
by  analogy,  the  atomic  weights  determined  by  Avogadro's 
method  represent  the  correct  values  and  not  multiples  of  the 
true  atomic  weights. 

§  28.  The  preceding  paragraphs  contain  the  most  valuable 
and  the  most  important  results  which  theoretical  chemistry 
has  derived  from  Avogadro's  hypothesis.  But  in  certain  cases 
this  hypothesis  is  capable  of  leading,  and,  indeed,  has  led,  to 
considerable  errors. 

It  has  already  been  pointed  out  in  §  17  that  Avogadro's 
assumption  that  equal  volumes  of  different  gases  and  vapour 
at  the  same  temperature  and  pressure  contain  the  same  num- 
ber of  particles  cannot  be  strictly  correct,  since  the  volume 
occupied  by  different  gases  and  vapours  is  not  influenced  to 
the  same  extent  by  changes  of  temperatm-e  or  pressure.  If 
equal  volumes  of  oxygen  and  hydrogen  under  the  pressure  of 

'  Ber.  cl  deuL  chcm.  Gcs.  1875,  945 ;  Pogg.  Ann.  1879,  clvii.  353. 
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one  atmosphere  contain  the  same  number  of  particles,  then 
under  two  atmospheres'  pressure  a  vohime  of  oxygen  will  con- 
tain more  particles  than  a  volume  of  hydrogen,  for  Eegnault ' 
has  shown  that  one  and  the  same  increase  of  pressure  pro- 
duces a  greater  compression  with  oxygen  than  hydrogen. 
With  the  former  the  volume  decreases  in  a  slightly  greater 
proportion  than  the  pressure  increases,  whilst  with  the  latter 
the  decrease  of  volume  is  smaller  than  the  increase  of  pressure. 
These  deviations,  which  appear  to  depend  on  the  dimensions 
of  the  particles  and  on  the  molecular  forces  acting  between 
them,  are  in  the  case  of  most  gases  so  small  that  they  do 
not  interfere  with  the  determination  of  atomic  and  molecular 
weights  by  means  of  Avogadro's  hypothesis.  But  the  fact 
that  Avogadro's  law  is  only  a  very  close  approximation  to  the 
truth  must  not  be  lost  sight  of.  The  number  of  particles 
.  contamed  in  equal  volumes  of  different  gases  can,  as  a  rule, 
:  be  only  approximately  equal  and  is  seldom  absolutely  equal. 

I  Besides  these  small  deviations,  others  occur  which  either 
r  render  the  use  of  Avogadro's  law  impossible  or  permit  of  its 

II  use  only  under  certain  limits. 
In  the  case  of  permanent  gases  and  of  vapours  at  tem- 

i  peratures  far  removed  from  their  point  of  condensation,  the 
deviations  from  Boyle's  and  Gay-Lussac's  laws  are  so  small 
tthat  they  may  be  neglected  in  the  molecular  weight  deter- 
rminations,  but  when  the  increase  of  pressure  or  diminution 
of  temperature  causes  the  vapours  to  approach  their  point  of 
condensation,  these  deviations  are  considerably  increased  in 
the  case  of  aU  substances  which  have  hitherto  been  examined. 
The  density  increases  much  more  rapidly  than  the  relative 
tail  of  temperature  or  increase  of  pressure.  But  since  the 
temperatures  and  pressures  at  which  condensation  takes  place 
vary  considerably  for  different  bodies,  it  follows  that  the 
density  of  a  vapour  which  is  near  its  point  of  condensation 
r  annot  bear  the  same  relation  to  the  density  of  a  permanent 
as  or  to  another,  gas  which,  at  the  same  temperature  and 
pressure,  is  more  distant  from  its  point  of  condensation,  as 
would  be  the  case  if  both  vapours  were  considerably  remote 

,      '  Relation  cles  Experiences,  &c.  1847,  i.  6-  m6moire,  329.    This  subiect 
ifaas  been  recently  invebtigated  by  Amagat.  ^ 
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from  their  point  of  condensation,  and  consequently  obeyed  the 
general  laws  for  the  expansion  of  gases. 

For  example,  Cahours  >  found  that  under  the  pressure  of 
one  atmosphere  and  at  a  temperature  of  250°  C,  the  density 
of  acetic  acid  is  2-08  compared  with  air  under  similar  con- 
ditions. This  density  corresponds  to  the  molecular  weight 
C2HA  =  59-86. 

Under  the  same  pressure  but  at  lower  temperatures  the 
density  of  the  acid  compared  with  the  air  at  the  same  tem- 
perature increases  with  the  diminution  of  temperature.^  Thus 
Cahours  found  the  density  to  be  3-20  at  125°  C.  A  similar 
result  is  obtained  if  the  observations  are  made  under  dimin- 
ished pressm-e,  but  in  this  case  a  much  greater  diminution 
of  temperature  is  required  to  produce  the  same  increase  in 
the  density.  The  relative  density  increases  with  a  constant 
temperature  and  an  increasing  pressure.^ 

The  relative  density  of  the  vapour  of  acetic  acid  compared 
with  air  under  similar  conditions  of  temperature  and  pressure 
increases  with  an  increased  pressure  as  well  as  with  a  dimin- 
ished temperature,  or,  in  other  words,  the  absolute  density 
increases  in  each  case  more  rapidly  than  that  of  air  or  of  any 
other  gas  which  follows  the  general  laws  of  expansion.  The 
question  now  remains  whether  Avogadro's  hypothesis  can  be 
used  in  these  cases.  Since  the  density  of  the  vapour  gradually 
increases  from  2-08,  corresponding  to  the  molecular  weight 
C2H4O2  to  greater  values,  it  is  clear  that  the  molecular  weights 
calculated  by  Avogadro's  rule  from  each  of  the  observed 
densities  will  not  correspond  to  a  stochiometric  quantity. 
The  next  higher  value  by  which  the  composition  of  acetic 
acid,  as  found  by  analysis,  can  be  represented  is  CgHgOg  = 

89'8 

89-8,  correspondmg  to  the  density  ^^^^  =  3-11.     The  next 
value  is   C4H8O4  =  119-7,   corresponding  to  the  density 
=  4-15.    The  molecular  weights  calculated  by  Avoga- 

28-87 

'  Cahours,  Comi^t.  Bend.  xix.  771 ;  Lieb.  Ann.  Ivi.  176. 
2  See  the  summary  of  observations  of  Bineau,  Cahours,  and  Horstmann  in 
Horstmann's  article  in  the  Annalen,  1868,  vi.  Suppl.,  53. 
'  Alex.  Naumann,  Lieb.  Ann.,  1870,  civ.  326. 
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dro's  law  from  the  observed  values  of  the  relative  density 
lying  between  2*08  and  3-11  and  between  3-11  and  4-15  can- 
not be  represented  by  an  empirical  formula  composed  of  whole 
atoms. 

§  29.  This  peculiar  behaviour  admits  of  two  different 
explanations,  both  of  which  have,  indeed,  been  offered  by 
diiferent  authors.  Horstmann  >  assumes  that  the  vapour  of 
acetic  acid  (and  of  all  bodies  behaving  in  a  like  manner)  only 
contams  the  same  number  of  particles  as  an  equal  volume  of 
air  under  similar  conditions  when  at  high  temperatures  it 
exhibits  the  normal  density  2-08,  but  that  at  lower  tempera- 
tures it  contams  a  larger  number  of  particles. 

On  the  other  hand,  Play  fair  and  Wanklyn  ^  assume  that 
the  vapour  obeys  Avogadro's  law  and  contains  the  same 
number  of  particles  as  other  vapours  and  gases ;  but  a  certain 
number  of  these  particles  have  a  larger  molecular  weight  than 
the  rest.  Finally,  it  may  be  assumed  that  both  the  above 
causes  act  simultaneously. 

But,  according  to  the  generally  received  theory  of  mole- 
cular impacts,  the  pressure  of  a  gas  or  vapour  is  due  to  the 
collision  of  the  particles  moving  at  a  high  velocity.  The  first 
explanation,  therefore,  assumes  that  the  velocity  of  the  par- 
ticles in  a  vapour,  like  that  of  acetic  acid,  possessing  abnor- 
mally large  density,  is  not  proportional  to  the  square  root  of 
the  absolute  temperature,  but  is  influenced  to  a  greater  extent. 
Whilst,  accordmg  to  theory,  equality  of  temperature,  for  all 
normal  gases  and  vapours,  consists  in  the  equality  of  the  mean 
kinetic  energy  of  their  particles,  abnormal  vapours  would 
possess  the  same  temperature  as  the  normal  gases  and  vapours 
{i.e.  neither  lose  nor  acquire  heat  when  brought  in  contact 
with  them),  when  the  particles,  instead  of  possessing  the  same 
kinetic  energy,  exhibited  a  proportionally  smaller  kinetic 
energy.  But  the  relation  between  the  mean  kinetic  energy 
of  a  particle  of  acetic  acid  and  that  of  a  particle  of  air  at 
a  fixed  temperature  would  vary  with  the  volume  occupied 

'  A.  Horstmann,  loc.  cit.  p.  65. 

'  Playfair  and  Wanklyn,  Edin.  Trans,  xxii.  part  iii.  441;  Lieb.  Ann. 
1862,  cxxii.  247.  Consult  also  the  articles  by  A.  Horstmann  and  Alex. 
Naumann,  which  have  been  previously  mentioned. 
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by  the  vapour  of  the  acetic  acid.'  This  explanation  conse- 
quently meets  with  considerable  difficulties,  although  it  cannot 
be  distinctly  proved  to  be  incorrect,  in  the  present  state  of 
our  knowledge  of  the  conditions  of  equality  of  temperature. 

The  other  hypothesis  is  more  probable,  viz.,  that  the  in- 
creased value  of  the  abnormal  densities  is  due  to  the  fact  that 
in  the  passage  to  the  gaseous  state  the  liquids  are  not  at  once 
directly  split  up  into  the  smallest  possible  molecules,  but  larger 
aggregations  of  molecules  remain  together.  A  similar  occur- 
rence appears  to  take  place  (see  Section  VIII.)  in  the  solution 
of  solid  bodies  in  liquids.  Since  the  progressive  velocity  of 
the  particles  is,  according  to  theory,  regarded  as  inversely 
proportional  to  the  square  root  of  the  molecular  weight,  the 
larger  molecular  aggregations  must  possess  a  smaller  velocity 
corresponding  to  their  greater  mass,  in  order  that  their  kinetic 
energy  may  be  equal  to  that  of  the  smaller  particles.  This 
explains  why  such  a  vapour  (in  spite  of  the  larger  mass  con- 
tained in  the  volume)  does  not  exert  any  greater  pressure  than 
would  be  the  case  if  it  were  entirely  composed  of  the  smallest 
possible  particles. 

This  hypothesis  easily  explains  why  the  relative  density 
(compared  with  air  at  the  same  temperature)  under  a  constant 
temperature  varies  with  the  pressure,  or,  to  use  a  different 
expression,  changes  with  the  absolute  density.  Wlien  the 
vapour  is  confined  in  a  small  space  and  the  particles  are 
crowded  together,  collisions  between  the  particles  must  take 
place  more  frequently  than  when  more  space  is  allowed  for 
their  movement.  But  opportunity  is  offered  for  the  formation 
of  larger  molecular  aggregations  each  time  the  isolated  smallest 
particles  come  into  collision  with  each  other.  If  the  hquid 
is  converted  into  vapour  at  a  low  pressure,  it  forms  a  certain 
quantity  of  smaller  and  larger  molecules  and  aggregations 
of  molecules.     For  a  constant  temperature,  therefore,  the 

'  Naumann's  determinations  of  the  vapour  density  of  acetic  acid  at  100°, 
compared  -with  air  under  the  same  pressure  and  temperature,  give  3-4,  when  a 
litre  of  the  vapour  contains  1-68  gram  of  acetic  acid,  and  only  2-6  when  a 
litre  contains  0-25  gram  of  the  vapour.  If  the  above  assumption  is  correct, 
the  kinetic  energy  of  a  single  particle  would  be  increased  by  rarefying  the 
vapour  in  the  proportion  of  2-6  :  3-4,  which  is  nearly  equal  to  3  :  4. 
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number  of  the  larger  aggregations  will  increase  as  the  vapour 
is  compressed  into  a  smaller  volume.  That  it  is  not  completely 
condensed  to  larger  aggregations  or  to  the  liquid  state  is  due 
to  the  rapid  movement  of  the  particles  at  the  existing  tem- 
perature ;  a  part  of  the  larger  aggregations  which  are  formed 
being  continually  decomposed.  A  state  of  equilibrium  ensues 
when  the  formation  and  decomposition  of  the  molecular  aggre- 
gations are  equal.  It  is  obvious  that  when  the  vapour  expands 
to  a  larger  volume  the  collision  between  the  particles  and  the 
formation  of  larger  aggregations  will  become  less  frequent, 
whilst  the  decomposition  of  the  groups  gains  ground,  conse- 
quently the  larger  particles  will  decrease  and  the  smaller 
particles  will  increase  in  number. 

At  present  the  value  to  be  ascribed  to  the  larger  aggrega- 
tions can  hardly  be  determined.  It  has  been  suggested  that 
these  larger  groups  are  composed  of  two  of  the  smallest 
particles,  so  that  the  vapour  would  consist  of  molecules  of 
C2H4O2  and  .C4Hg04.'  Horstmann  ^  has  already  pomted  out 
that  the  existence  of  the  acid  potassium  salt  KC4H7O4  ap- 
pears to  favour  this  hypothesis.  This  idea,  however,  is  based 
on  very  feeble  grounds.  It  is  quite  as  probable  that  the  larger 
aggi-egations  are  built  up  very  irregularly  from  simple  and 
compHcated  particles.  This  question  cannot  at  present  be 
decided.  It  can  only  be  said  with  certainty  that  above  a 
certain  limit  of  temperature  and  pressure^  the  molecular 
weight  of  acetic  acid  is  represented  by  G^Kfi^,  whilst  below 
this  limit  molecules  of  the  above  composition  are  mixed  with 
larger  particles,  the  value  of  which  is  at  present  unknown. 

§  30.  It  is  only  above  a  certaui  limit  of  temperature,  which 
varies  with  the  pressure,  that  Avogadro's  law  for  determining 
the  molecular  weight  yields  for  acetic  acid  and  most  other 
vapours  a  value  corresponding  to  the  stochiometric  quantity. 
Below  this  limit  larger  values  are  obtained  which  cannot  be 

'  Playfair  and  Wanklyn,  he.  cit. 
^  Loc.  cit.  55. 

'  Cahours  fixes  this  limit  at  250°  for  a  pressure  of  one  atmosphere.  Under 
a  pressure  of  100  mm.  the  limit  lies  at  about  200°,  according  to  Naumann's 
experiments,  which  are  not  perfectly  conclusive. 
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represented  by  whole  atomic  weights.  A  considerable  number 
of  compounds  also  exist  possessing  so  low  a  vapour  density 
that  the  molecular  weight  calculated  from  the  density  is 
smaller  than  any  stochiometric  quantity  which  is  capable  of 
being  represented  by  whole  atoms. 

This  peculiar  behaviour  is  exhibited  especially  by  numerous 
nitrogen  compounds,  including  many  ammoniacal  salts ;  also 
by  the  compounds  of  phosphorus  with  chlorine,  bromine,  and 
other  elements,  and  by  mercuric  sulphide  and  many  other 
bodies. 

Attempts  to  determine  the  molecular  weight  of  such  com- 
pounds by  Avogadro's  law  yield  numbers  which  contain  frac- 
tions of  the  accepted  atomic  weights.  Bineau '  found,  for 
example,  that  the  gas  obtained  by  volatilising  ammonium 
chloride  has  the  density  0-89.  The  molecular  weight  would 
be  28-87  X  0-89  =  25-69. 

But  if  we  retain  the  atomic  weights  determined  by  the 
methods  described  in  the  preceding  pages,  then  the  smallest 
stochiometric  quantity  having  the  composition  of  ammonium 
chloride  is  NH.Cl  =  53-38  =  2  x  26-69. 

The  molecular  weight  deduced  from  the  density  of  the  gas 
would  correspond  to  the  formula,  N^HgCl^. 

Similarly  the  molecular  formula,  P^CH= 103-9,  would  be 
obtained  from  Cahours'  ^  determination  of  the  vapour  density 
of  phosphorus  pentachloride,  which  was  found  to  be  3-65. 

If  it  were  necessary  to  accept  these  values  as  the  true 
molecular  weights,  the  atomic  weights  of  chlorine,  nitrogen, 
j)hosphorus,  and  of  some  other  elements  would  require  to 
be  halved,  since  an  atom  is  the  smallest  quantity  of  a  com- 
pound which  can  exist  in  the  molecule  of  any  one  of  its 
comjDounds. 

This  reduction  of  the  atomic  weights  would  not,  however, 
prove  sufficient,  since  the  density  of  the  vapour  (0-89)  ^  of 
ammonium  carbamate  (so-called  anhydrous  ammonium  car- 
bonate) corresponds  to  the  molecular  weight — 

NfH^Ci  Of  =  25-97 

KAnn.  Chim.  PUys.  Ixviii.  41G.  -  Ibid.  [3],  1848,  xx.  3G9. 

3  H.  Rose,  Fogg.  Ann.  1839,  xlvi.  3G3. 
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To  obtain  whole  atomic  numbers  in  the  formulae  of  am- 
monium carbamate  and  chloride,  the  atomic  weight  of  nitrogen 
would  have  to  be  reduced  to  one-sixth  the  present  value,  or 

^"^^  =  2-335.    And  in  almost  all  other  compounds  of  this 
6 

element,  even  in  the  most  simple,  it  would  be  necessary  to 
assume  the  existence  of  at  least  six  atoms. 

The  vapour  density  of  cinnabar,  determined  by  Mitscherlich 
(5-51  and  5-68)  '  and  by  V.  Meyer  (5.39), ^  yields  the  corrected 
molecular  weight  0L  =  154-5,  containing  133-2  =  f  x  199*8 
parts  by  weight  of  mercury,  and  21-3  =  f  x  31-98  parts  of 
sulphur.  It  would  therefore  be  necessary  to  reduce  the  atomic 
weights  of  these  elements  to  one-third  of  their  present  values. 

In  order  to  avoid  these  unusual  and  inconvenient  conclu- 
sions, certain  chemists,  H.  Sainte-Claire  Deville  in  particular, 
have  dispiited  the  accuracy  of  Avogadro's  hypothesis,  and  have 
again  supported  the  notion,  which  was  formerly  current,  viz. 
that  many  substances,  such  as  ammonium  chloride  and  am- 
monium carbamate,  contained  respectively  in  the  gaseous 
state  only  half  or  a  third  as  many  molecules  in  a  given 
volume  as  is  contained  in  most  other  gases  under  similar 
conditions.  These  views,  which  are  obviously  incorrect,  have 
not  of  late  met  with  any  support. 

§  31.  Mitscherlich  ^  had  previously  observed  that  antimony 
pentachloride,  SbClj,  which  is  analogous  in  composition  to 
phosphorus  pentachloride,  decomposes  into  SbClg  and  when 
volatilised. 

Gladstone  ■*  pointed  out  the  decomposition  of  phosphorus 
bromide,  PBrg,  into  PBrg  and  Br^.  The  products  of  decompo- 
sition being  in  each  case  separated  by  their  difference  in 
volatiUty. 

When  SbClg  or  PBrg  is  heated  in  an  imperfectly  closed 
vessel,  and  a  current  of  an  indifferent  gas  allowed  to  pass 
through  the  substance,  the  easily  volatile  Clj  and  Bi\  are 
carried  off,  and  the  less  volatile  compounds,  SbClg  and  PBr,, 

'  Pogg.  Ann.  1833,  xxix.  (cv.),  226. 
-  Ber.  d.  dmt.  chcm.  Ges.  1879,  1118. 
'  Pogg.  Ann.  1833,  xxix.  (cv.),  227. 
'  PMl.  Mag.  [3],  1849,  xxxv.  345. 
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remain  behind  or  are  condensed  in  the  cooler  portions  of  the 
vessel.  From  these  and  similar  observations,  S.  Cannizzaro,' 
H.  Kopp,^  and  A.  Kekule^  arrived  simultaneously,  though 
independently,  at  the  conclusion  that  a  similar  decomposition 
takes  place  in  the  volatilisation  of  any  other  compounds  of  N, 
P,  As,  Sb,  &c.,  which  contained  more  than  three  atoms  of 
chlorine,  bromine,  iodine,  or  hydrogen,  e.g.  phosphorus  penta- 
chloride,  ammonium  chloride."* 

This  hypothesis  offers  a  very  simple  explanation  of  the 
apparently  abnormal  behaviour  of  these  substances.  They  do 
not  in  reality  form  an  exception  to  Avogadro's  rule ;  on  the 
other  hand,  they  contain  in  the  gaseous  state  just  as  many 
molecules  in  a  given  space  as  any  other  gases.  But  these 
molecules  are  not  homogeneous ;  in  the  case  of  the  chlorides 
and  bromides,  for  example,  half  the  molecules  have  the  com- 
position SbClg  or  PBrg,  and  the  others  CI2  or  Brg,  &c. 

The  density  of  the  mixture  is  therefore  the  arithmetical 
mean  of  the  densities  of  a  mixture  of  equal  volumes  of  the  two 
substances. 

Similarly,  the  density  of  the  gas  produced  by  volatihsing 
ammonium  chloride,  viz.,  0"89,  is  the  mean  of  the  densities  of 
hydrochloric  acid  (1-25)  and  ammonia  (0'59),  and  the  aj)parent 
molecular  weight,  26-69  =  Cl^,   calculated  from  the 

density  by  Avogadro's  law,  is  nothmg  more  than  the.  arith- 
metical mean  of  the  molecular  weights  of  the  two  consti- 
tuents— 

NiH,Cli  =  ™^  +  HCl  ^  17-01 +  36-37  ^ 

If  ammonium  carbamate  decomposes  into  two  volumes  of 
ammonia  and  one  of  carbon  dioxide,  accordmg  to  the  equation 
NaHgCOg  =  NH3  +  NH3  +  CO2,  it  will  form  a  gas  having  a 
density  equal  to  one-third  of  the  sum  of  the  densities  of  its 
constituents  (0*59  for  ammonia,  and  1'53  for  carbon  dioxide). 

'  '  Nota  sulle  Condensazioni  di  Vapore,'  appended  to  Sunto  di  un  Corso  di 
Filosofia  Cliimica,  Pisa,  1856,  xv.    Nuovo  Cimento,  vi.  1857,  p.  428. 
2  Lieb.  Ann.  1858,  cv.  390. 

»  Ibid.  cvi.  143.    See  also  KekuM's  Lehrbuch,  i.  443. 
*  See  Kopp,  JahresbericM,  1859,  27. 
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This  is  really  the  case,  since  the  density  0*89  observed  by 
H.  Kose  is  equal  to 

0-59 +  0-59 +  1-53  ^  q.qq 
3 

and  corresponds  to  the  apparent  molecular  weight 

N|H,,CiOf  =  ??*I,±CO,  ^  207:01  +  43:89  ^  25.97. 

3     2    3     3  3  g 

These  purely  hypothetical  views  soon  received  experi- 
mental confirmation  in  the  case  of  several  different  substances. 
Pebal '  first  proved  the  decomposition  of  ammonium  chloride 
by  separating  it  mto  ammonia  and  hydrochloric  acid  by  means 
of  diffusion  in  an  atmosphere  of  hydrogen. 

By  a  similar  process  Wanklyn  and  Kobinson  ^  proved  the 
decomposition  of  phosphorus  pentachloride  into  phosphorus 
trichloride  and  chlorine. 

H.  Sainte-Clane  Deville^  brought  together  hydrochloric 
acid  and  ammonia  at  350",  a  temperature  at  which  ammonium 
chloride  is  volatihsed,  and  is  therefore  decomposed  according 
to  the  above  hypothesis.  He"  believed  that  the  temperature 
rose  to  394*5°,  and  concluded  from  this  rise  in  temperatm-e 
that  the  two  substances  had  entered  mto  chemical  combina- 
tion, and  consequently  the  vapour  of  ammonium  chloride  is 
a  chemical  compound,  and  not  a  mixture  of  ammonia  and 
hydrochloric  acid. 

But  K.  Than  ^  repeated  the  same  experiment,  and  by  using 
a  better  method  showed  that  no  appreciable  evolution  of  heat 
occurred,  as  would  have  been  the  case  if  chemical  combination 
had  taken  place. 

This  experiment  has  also  been  confirmed  by  the  more  recent 
observation  of  Marignac  ^  that  the  amount  of  heat  required  to 
volatilise  ammonium  chloride  is  equal  to  the  heat  Uberated  in 
its  formation  from  hydrochloric  acid  and  ammonia.  Hence, 
according  to  the  principles  of  the  mechanical  theory  of  heat, 
'  Lieb.  Arm.  1862,  cxxiii.  199. 

^  Lond.  Roy.  Soc.  Proc.  xii.  507.    Will,  Jahresbericht  der  Cliem.  1863,  38. 
'  Compt.  Bend.  Ivi.  729 ;  Lieb.  Ann.  1863,  cxxvii.  108.    See  also  Kopp, 
ibid.  p.  280.  Lieb.  Ann.  1864,  cxxxi.  129. 

'  Compt.  Bend,  Ixviii.  877  ;  Strecker's  JalmsbericM,  1808,  71. 
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ammonium  chloride  must  have  been  decomposed  into  its 
original  constituents. 

A  few  years  later,  H.  Sainte-Claire  Deville,'  who  had  denied 
the  decomposition  of  all  these  compounds,  gave  a  proof  of  the 
decomposition  of  phosphorus  pentachloride  by  showing  that 
the  vapour  of  this  compound  possesses  the  colour  of  chlorine 
diluted  with  a  colourless  gas,  and  that  the  intensity  of  the 
colour  increases  with  the  temperature. 

It  is  now  universally  regarded  as  beyond  doubt  that  all 
these  compounds  are  really  decomposed.  There  is  therefore 
no  necessity  to  reject  Avogadro's  hypothesis  or  to  reduce  in 
the  manner  indicated  the  atomic  weights  deduced  by  its  aid. 

§  32.  A  number  of  cases  have  been  observed  in  which  the 
vapour  densities  of  compounds  have  been  found  to  be  greater 
than  the  mean  density  of  the  products  of  decomposition,  sup- 
posing the  decomposition  to  have  taken  place  entirely  m  the 
manner  described  above.  Deville  and  Troost  ^  obtained  results 
differing  from  those  of  Bineau.  They  found  that  the  density 
of  the  vapour  of  ammonium  chloride  is  1-01  at  350°  C.  and  1-00 
at  940°  (the  boiling  point  of  zinc),  compared  with  air  under 
similar  conditions  of  temperature  and  pressuise,  whereas  a 
mixture  of  equal  volumes  of  hydrochloric  acid  and  ammonia 
has  the  density  0-92,  but  a  compound  with  the  molecular 
weight,  NH^Cl  =  53*38,  would  have  a  density  of  1*84. 

Similar  observations  have  been  made  by  different  investi- 
gators with  other  substances,  and  it  has  been  placed  beyond 
disj)ute  that  the  deviations  of  the  observed  values  from  the 
calculated  numbers  are  in  many  cases  too  large  to  arise  from 
errors  of  observation.  These  deviations  are  exceptionally 
large  in  the  case  of  phosphorus  pentachloride,  the  density  of 
which,  compared  with  aii",  was  found  by  Cahours  ^  at  tempera- 
tures above  300°  to  be  3-66,  whilst  the  calculated  density  of  a 
mixture  of  equal  volumes  of  PCI3  and  Clg  is  3*61.  Above  300° 
it  is  completely,  or  almost  completely,  split  up  into  phosphorus 
trichloride  and  chlorine. 

»  Covvpt.  Rend.  1866,  Ixii.  1167. 

Ibid.  1859,  xUx.  239,  and  1863,  Ivi.  891. 
^  Ann.  Chim.  Phys.  [3]  1847,  xx.  369  ;  Liebig  and  Kopp,  Jahresbericht, 
1847-8,  364. 
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Below  this  temperature  considerably  larger  values  were 
found  for  the  density.  Caliours  obtained  the  following  results  : 


Temperature. 

Density 

182°  C. 

5-08 

190° 

4-99 

200° 

4-85 

230° 

4-30 

250° 

3-99 

274° 

3-84 

Temperature. 

Density. 

288°  C. 

3.67 

289° 

3-69 

300° 

3'65 

327° 

3-66 

336° 

3-66 

Later  determinations  made  by  Cahours  ^  at  170°  and  172° 
yielded  still  higher  values  than  those  obtained  at  182°. 
These  new  results  have,  however,  not  been  published. 

Wiirtz  ^  afterwards  found  that  the  vapour  of  phosphorus 
pentachloride  mixed  with  air  at  low  temperatures,  and  with 
PCI3  at  temperatm'es  below  160°  and  175°,  possesses  a  much 
greater  densit}'-  than  would  be  the  case  if  it  decomposed  into 
chlorine  and  trichloride. 

Experiments  with  mixtures  of  phosphorus  tri-  and  penta- 
chlorides  show  that  such  a  mixture  occupies  in  the  state  of 
vapour  the  same  volume  which  would,  under  similar  external 
conditions,  be  filled  by  the  vapour  of  the  pure  trichloride  con- 
taining the  same  amount  of  phosphorus.  The  quantities 
WPCI3  +  7?iPCl5,  and  (w  +  m)PCl3  form  almost  exactly  the  same 
volumes  of  vapour  under  similar  conditions  of  pressure.  In 
these  experiments  the  values  of  n  and  m  vary  considerably, 
but  m  was  never  equal  to  more  than  half  n.  Whether  the 
mixed  vapours  would  exhibit  the  same  phenomenon  beyond 
these  limits  has  not  been  ascertained. 

These  observations  made  by  Wiirtz  can  only  be  explained 
on  the  assumption  that  the  vapour  from  a  mixtm-e  of  the  two 
chlorides  forms  only  as  many  molecules  as  there  are  phos- 
phorus atoms,  and  consequently  it  consists  of  PCI3  and  PCI5, 
and  not  of  PCI3  and  Cl^.^^ 

Hence  it  is  very  probable  that  the  vapour  of  the  penta- 

'  Compt.  Rend.  Ixiii.  14 ;  Lieb.  Ann.  1867,  cxli.  42. 

-  Bull.  Soc.  Chim.,  April  2,  1869;  Ber.  deut.  chem.  Ges.  1869,  162,  and 
1870,  572  ;  Compt.  Rend.  1873,  Ixxvi.  607. 

'  The  correctness  of  the  experiments  by  Wiirtz  can  be  proved  by  mixing 
chlorine  and  the  vapour  of  phosphorus  trichloride  at  160°-175°,  when  a  con- 
siderable contraction  will  ensue. 
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chloride  at  temperatures  between  175°  and  300°,  still  contains 
molecules  of  the  composition  PCI5,  whilst  a  part  of  the  penta- 
chloride  splits  up  into  PCI3  and  Clg.  This  decomposition  in- 
creases as  the  temperature  approaches  300°,  at  which  point 
all  the  particles  of  PCI5  are  decomposed. 

This  hypothesis  agrees  with  the  observations  of  Sainte- 
Claire  Deville  and  Wiirtz  that  the  denser  the  vapour  the  less  it 
exhibits  the  colour  of  chlorine. 

§  33.  The  study  of  other  compounds  the  density  of  which 
in  the  gaseous  state  is  abnormal  has  yielded  results,  giving 
a  clearer  insight  into  the  nature  of  the  phenomena  exhibited  by 
the  vapours  of  phosphorus  pentachloride,  &c. 

This  is  especially  true  in  the  case  of  the  compounds  of 
amylene,  CgH,o,  with  HCl,  HBr,  and  HI.  Wiirtz  discovered 
and  investigated  the  interesting  behaviour  of  these  compounds. 
According  to  the  investigations  of  Wiirtz,  amylene  hydrobro- 
mide,'  C^HnBr,  exhibits,  under  a  pressure  of  one  atmosphere 
and  at  a  temperature  between  150°-180°,  the  vapom-  density 
5 -2,  compared  with  air  under'  similar  conditions  of  tempera- 
ture and  pressure,  which  corresponds  to  the  molecular  weight, 
C5H„Br=  150*6.2  On  raising  the  temperature  the  density 
decreases,  first  slowly,  then  rapidly,  and  finally  slowly  agam, 
until  it  is  only  2-6  at  3G0°. 

The  density  of  a  mixture  of  equal  volumes  of  CgHjo  and 
HBr  is  2*6,  and  Wiirtz  was  able  to  prove  the  presence  of  these 
constituents  in  the  vapour.  Hence  it  is  j)laced  beyond  doubt 
that  the  compound  which  volatilises  at  180°  with  the  molecular 
weight  CgHijBr  is  completely  decomposed  at  360°  into  CgHjo 
and  HBr,  which  unite  together  again  at  a  lower  temj^erature. 
H.  Sainte-Claire  Deville  has  assigned  the  special  name  of 
Dissociation  to  the  class  of  phenomena  where  the  rate  of  decom- 
position of  a  compound  increases  with  a  rise  and  diminishes 
with  a  fall  of  temperature. 

These  phenomena  will  be  studied  in  detail  in  the  section 
treatmg  of  chemical  changes  under  the  influence  of  heat. 

§  34.  In  the  descriptions  given  hitherto  of  the  methods  now 
in  use  for  determining  the  atomic  weights  an  omission  still 

'  The  bromide  of  methyl  isopropyl  carbinol. 
Ad.  Wiirtz,  Compt.  Bend.  Ix.  728 ;  Ann.  Chem.  PJiarm.  1865,  cxxxv.  315. 
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exists.  The  rule  that  the  smallest  quantity  of  an  element 
occm-ring  in  a  molecule  of  the  compound  is  to  be  regarded 
as  an  atom  is  obviously  inadequate.  It  assumes  that  every 
element  forms  at  least  one  compound  capable  of  existing  in 
the  gaseous  state,  which  is  known  to  contain  only  one  atom  in 
the  molecule,  and  is  therefore  of  all  possible  compounds  the 
one  which  contains  the  smallest  quantity  of  this  element  m  a 
given  volume,  or  is,  in  other  words,  the  compound  in  which 
the  given  element  occurs  in  the  highest  state  of  dilution,  or  in 
the  lowest  state  of  condensation. 

It  is  probable  that  we  shall  never  be  able  to  assert  with 
absolute  certainty  that  such  a  compound  is  known  in  the  case 
of  each  element.  The  probability  that  just  the  compounds 
known  in  the  gaseous  state  fulfil  this  condition  is  evidently 
smaU  in  aU  cases  where  only  a  very  small  number  of  the 
gaseous  compounds  of  an  element  are  known.  • 

The  knowledge  of  the  molecular  weight,  i.e.  of  the  vapour 
density,  is,  strictly  speaking,  only  sufficient  to  determine  a 
maximum  limit  for  the  value  of  the  atomic  weight.  Since 
an  atom  is  regarded  as  that  mass  which  cannot  be  further 
decomposed  by  chemical  decomposition,  the  atom  of  an  element 
cannot  be  larger  than  the  amount  of  this  element  which  is 
contained  in  the  molecule  of  any  one  of  its  compounds.  If, 
for  instance,  every  known  oxygen  compound  contains  at  least 
15-96  unit  weights  of  oxygen  in  the  molecule,  we  conclude 
that  the  atom  of  oxygen  cannot  weigh  more  than  15-96  units. 
But  it  has  not  been  proved  that  this  quantity  does  not  consist 
of  two  or  more  atoms  firmly  united  together,  in  which  case 
the  atomic  weight  of  oxygen  might  be  regarded  as  equal  to 
7-98,  or  in  round  numbers  8.  In  reality  for  a  considerable 
length  of  time  this  was  the  case. 

In  the  theoretical  natural  sciences  it  seldom  happens  that 
a  general  result  obtained  by  speculation,  or  a  principle  deduced 
from  empirical  material,  acquires  its  full  import  so  long  as  it 
is  supported  by  results  arrived  at  from  one  point  of  view.  The 
value  of  such  a  theoretical  conclusion  is  greatly  enhanced  when 
the  same  result  is  obtained  by  totally  different  methods. 

This  is  true  to  the  fullest  extent  of  the  atomic  weights 

'  See  §  24. 


62 


MODERN  THEOEIES  OF  CHEMISTRY 


deduced  from  the  densities  of  gases  and  vapours.  The  know- 
ledge of  the  density  does  indeed  permit  of  further  deductions 
concerning  the  relative  weight  of  the  atoms  than  those  arrived 
at  in  the  previous  pages.  But  the  values  of  the  atomic 
weights  would  not  possess  that  degree  of  probability,  border- 
ing on  certainty,  had  not  Cannizzaro  '  clearly  and  convincingly 
shown  that  these  values  are  confirmed  by  their  intimate 
relation  to  another  property  of  matter,  viz.,  specific  heat.  An 
acquaintance  with  the  specific  heat  of  an  element  consequently 
forms  a  second  valuable  means  of  determining  its  atomic 
weight. 

'  Sunto  di  un  Corso  di  Filosofia  Chimica.  Pisa,  1858.  See  also  Kopp  and 
Will,  Jahresbericht,  1858,  11. 
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III. 

THE  DETEBMINATION  OF  ATOMIC  WEIGHTS  FBOM  THE 
SPECIFIC  HEAT  OF  MATTER  IN  THE  SOLID  STATE. 

§  35.  As  EARLY  as  the  year  1819  Dulong  and  Petit  •  were 
led,  by  their  careful  measurements  of  the  specific  heats  of 
thirteen  chemical  elements,  to  the  interesting  and  important 
conclusion  that  the  specific  heats  of  these  elements  (referred 
to  the  miit  of  weight)  are  inversely  proportional  to  their 
atomic  weights.  And  consequently  the  specific  heat  is  directly 
proportional  to  the  number  of  atoms  contained  in  the  unit  of 
weight.  The  relative  specific  heat  of  the  atoms  is  obtained 
by  multiplying  the  specific  heat  by  the  atomic  weight ;  this 
product  of  the  specific  heat  and  atomic  weight  was  found  to 
be  equal  in  the  case  of  all  the  elements  investigated.  Based 
upon  these  facts  these  observers  founded  the  general  law,  that 
*  the  atoms  of  all  elementary  bodies  possess  the  same  specific 
heat.' 

From  the  simphcity  of  this  law  proposed  by  Dulong  and 
Petit,  it  might  have  been  expected  that  it  would  have  received 
immediate  acknowledgment  and  acceptance  at  the  hands  of 
chemists.  But  such  an  immediate  and  unreserved  acceptance 
was  rendered  impossible  owing  to  the  scepticism  of  chemists  ; 
and,  as  a  matter  of  fact,  such  an  action  would  have  proved, 
rash  and  precipitate. 

The  atomic  weight  of  an  element  cannot  be  finally  fixed 
by  chemical  analysis  alone,  the  results  always  leave  a  choice 
between  several  numbers,  which  bear  a  simple  relation  to  one 
another.  Dulong  and  Petit  therefore,  in  order  to  make  their 
law  applicable  to  all  elements  the  specific  heats  of  which  they 
had  determined,  made  certain  changes  in  the  atomic  weights 

'  'Recherches  sur  quelques  points  importans  de  la  th^orie  de  la  chaleur,' 
Ann.  Chim.  Phys.  x.  pp.  395-413. 
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then  in  use.  Thus  in  the  case  of  the  four  elements,  bismuth, 
platinum,  silver,  and  cobalt,  they  substituted  multiples  or 
sub-multiples  of  the  atomic  weights  then  in  use ;  and,  further, 
the  atomic  weights  of  all  metals  in  relation  to  that  of  sulphur 
were  diminished  to  half  the  values  assigned  to  them  by 
Berzelius.  These  proposed  changes  in  atomic  weights  called 
forth  adverse  criticisms.  Berzelius,'  the  first  authority  in 
this  province,  justly  demanded  a  further  extension  of  these 
investigations ;  in  the  meanwhile  he  was  of  the  opinion  that 
a  successful  application  of  these  ideas  to  compound  bodies 
would  form  the  basis  of  one  of  the  most  beautiful  fields  of 

chemical  theory. 

§  36.  Dulong  and  Petit  did  not  succeed  in  satisfying  this 
demand.  F.  Neumann  ^  made  the  first  successful  advances  in 
this  direction,  showing,  in  the  year  1831,  that  equivalent 
quantities  of  compounds  possessing  analogous-  composition 
have  the  same  specific  heats.  Further,  this  equality  is  not 
due  to  the  similarity  in  crystalline  form,  frequently  observed 
in  compomids  of  analogous  composition,  smce  compounds, 
having  the  same  composition  but  differing  in  their  crystalline 
form  {e.g.  calc  spar  and  arragonite),  also  possess  the  same 
specific  heat.  Neumann  did  not  attempt  to  bring  the  law, 
which  he  had  discovered  for  different  groups  of  compounds, 
into  direct  relation  with  the  law  of  Dulong  and  Petit.  An 
attempt  to  do  this  was  unsuccessfully  made  by  Avogadro,^ 
who  shortly  afterwards  pubhshed  a  number  of  determinations 
of  the  specific  heat  of  simple  and  compound  bodies ;  these 
determinations  were  not,  however,  very  trustworthy.-* 

The  recognition  of  the  connection  between  the  specific 
heat  of  compounds  and  that  of  their  constituents  has  taken 
place  gradually,  but  not  without  receiving  several  erroneous 
interpretations.  The  development  of  this  subject  is  especially 
due  to  the  labours  of  E.  Hermann,  V.  Eegnault,  De  la  Eive 

•  In  his  first  Jahresbcricht,  German  edition,  p.  19,  and  in  Jahresbericht, 
'•^  'Untersuchung  iiber  die  specifische  Warme  der  Mineralien,'  Fogg.  Ann. 

3'  Memorie  della  Societd  italianadelle  Sciemc,xx. ;  Ann.  Chim.  Phys.  1834 

Iv.  80  and  Ivii.  113. 

*  Begnault's  criticism.    Ann.  Chim.  Phys.  1840,  Ixxiu.  10. 
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and  Marcet,  H.  Schroder,  A.  C.  Woestyn,  H.  Kopp,'  and  H.  F. 
Weber,  and  may  still  be  regarded  as  incomplete. 

§  37.  The  further  progress  in  the  investigation  of  specific 
heat  demonstrated  very  clearly,  how  justifiable  was  the  caution 
with  which  Berzelius  and  his  disciples  accepted  those  changes 
in  the  atomic  weights,  based  upon  the  determination  of  specific 
heats. 

This  caution  was  warranted  by  the  experimental  difficulties  ^ 
in  the  determination,  leading  to  uncertainty  in  the  results, 
and  was  further  increased  by  the  doubtful  purity  of  the  sub- 
stance used  to  determine  the  specific  heats.  On  the  other 
hand,  with  mcreased  accuracy  in  the  methods  adopted,  it  was 
evident  that  the  specific  heat  of  a  substance  itself  is  not  a 
^  constant  but  rather  a  very  variable  magnitude.  Consequently 
the  law  of  Dulong  and  Petit  could  only  be  accepted  as  an 
approxunation,  as  stated  by  Avogadro  m  1834,3  and  demon- 
strated to  be  so  later  on  by  Eegnault.^ 

Observations  show  that,  as  a  rule,  the  specific  heat  in- 
creases with  increase  of  temperature;  with  the  same  sub- 
t  stance,  it  is  gi-eater  in  the  state  of  Hquid  than  in  the  solid 
>  state,  e.g.  in  the  case  of  water  and  iodine  the  specific  heat  of 
!  the  hquid  is  twice  that  of  the  solid.  And  in  the  case  of  metals 
i  the  specific  heat  is  lessened  by  compression.  Further,  aUo- 
i  tropic  forms  of  a  substance  have  often  totally  distinct  specific 
heats,  e.g.  under  similar  conditions  diamond  and  graphite, 
the  two  allotropic  forms  of  carbon,  possess  different  specific 
jueats. 

All  these  conditions  had  first  to  be  explained  by  an  ex- 
:tensive  and  rehable  series  of  observations,  before  theoretical 
chemistry  could  receive  a  lasting  benefit  from  the  discoveries 
)0f  Dulong  and  Petit  and  Neumann.  Eegnault  has  done 
more  than  any  other  investigator  to  render  these  discoveries 
■3f  service  to  the  science.    For,  by  means  of  the  numerous 

-  An  account  of  the  share  taken  by  these  and  other  investigators  in  the 
development  of  this  subject  will  be  found  in  Kopp's  paper,  entitled  'Unter 
aachungen  uber  cUe  spec.  Warme.'  Ann.  CUem.  Pw'l864  SuppL  Bd^H  ' 
ha  ^°,^P?\V°""'.  '''''  -bait  to  be  so  g  eat 

1^^.        '-'^'"''^  *°  ^--thirds  of  the 

'  ^  Op.  cit.  kxiii.  66. 
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observations  of  this  author  made  since  1840,'  the  validity  of 
the  law  of  Dulong  and  Petit  has  been  established  for  a  large 
number  of  elements,  and  Neumann's  law  has  been  materially 
extended.  The  values  obtained  by  Eegnault  have  smce  this 
time  formed  the  real  basis  of  all  chemical  speculations  on  the 
relationship  between  specific  heats  and  atomic  weights. 

The  investigations  of  Begnault  have  shown  beyond  doubt 
that  Dulong  and  Petit's  law  applies  with  close  approximation 
in  the  case  of  the  majority  of  some  forty  of  the  elements 
investigated.    And  for  these  elements  those  values  may  be 
regarded  as  the  atomic  weights,  which,  when  multipHed  by 
the  specific  heats,  yield  the  same  product  in  each  case. 
This  product  represents  the  specific  heat  of  the  atom,  and  is 
usually  styled  the  atomic  heat.    Taking  the  atomic  weight  of 
hydrogen  as  unit,  and  the  specific  heat  of  water  as  one,  then 
the  values  obtained  for  the  above  product  lie  between  5  and 
7  ;  for  the  majority  of  the  elements  it  is  a  httle  greater  than 
6,' viz.  6-4.    If  the  atomic  weights  are  expressed  in  terms  of 
that  of  oxygen,  as  was  done  by  Berzelius,  the  atomic  weight 
of  oxygen  being  100,  then  the  values  obtained  for  the  above 
product  approximate  to  40.    In  such  cases,  however,  it  is 
always  supposed  that  the  specific  heats  have  been  determmed 
under  similar  conditions,  viz.  that  the  substances  are  soHd 
and  the  temperature  of  observation  is  considerably  lower  than 
the  melting  point  of  the  substance.    The  deviations  are  always 
greater  in  cases  where  these  conditions  cannot  be  sufficiently 
satisfied. 

Eegnault  also  pointed  out  that  in  the  case  of  certam  ele- 
ments the  atomic  weight  deduced  from  the  determination  off 
the  specific  heat  could  not  be  accepted  as  the  true  atomic 
weight  The  specific  heats  of  these  elements  have  been  re- 
determined  by  H.  F.  Weber,^  with  the  aid  of  Bunsen's  ice 
calorimeter,  and  the  influence  of  temperature  upon  them  sub- 

.  Ann.  Chim.  Phys.  1840.  Ixxiii.  5-;  [3]  1840,  i.  129  ;  1843.  ix.  822,  and  later 
publications  in  the  Compt.  Bend,  and  Ann.  Gluvi.  Phys. 

"~  Die  specifischen  Warmm  der  Elermnte  Kohle^istoff ,  Bor  und  Sd^^''^'  - 
1.  Abhandlung.  'Die  Abhangigkeit  der  spec.  Warme  der  i^ol-t-  Elemento 
Kohlenstoff,  Bor  und  Silicium  von  der  Temperatur.'  J^^  J^^; 
Stuttgart,  Mezler,  1874.    Pogg.  Ann.  1875.  cliv.  367-    For  a  short  notice  of 
part  of  this  work,  see  Bmchte  deut.  chem.  Ges.  1872,  v.  303. 
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mitted  to  a  very  thorough  exammation.  These  investigations 
show  that  the  law  of  Dulong  and  Petit  is  appHcable  to  these 
elements,  but  only  within  certam  limits  of  temperature,  above 
or  below  which  the  law  no  longer  holds  true. 

§  38.  Prior  to  the  determinations  of  Weber,  the  specific 
heats  of  the  elements  boron,  carbon,  and  silicon  had  been 
determined  only  at  temperatures  lying  between  the  freezing 
and  boiling  points  of  water.  Accepting  the  atomic  weight  of 
these  elements  as  deduced  by  the  aid  of  Avogadro's  law,  then 
the  specific  heats  so  determined  were  much  smaller  than 
those  required  by  the  law  of  Dulong  and  Petit. 

Not  only  were  different  values  obtained  for  the  specific 
1  heats  of  the  allotropic  modifications  of  one  and  the  same 
t  element,  but   different  observers  attributed  very  different 
A  values  to  the  same  modification  of  the  same  element.  Weber 
i  concluded,  from  an  exact  comparison  of  the  determinations 
!  hitherto  made,  that  these  differences  might  possibly  arise 
!  from  the  variation  of  the  specific  heats  of  these  elements 
I  under  the  influence  of  temperature.    The  results  of  an  ex- 
t tensive  series  of  experiments  confirmed  this  view;  in  these 
.  experunents  the  specific  heat  of  carbon  was  determined  for  tem- 
peratures varying  from -80°  to.  1060°  C. ;  that  of  boron  and 
of  silicon  for  temperatures  between  -  80°  and  +  260°  C.  Further 
iit  was  shown  that  above  a  certain  fixed  temperature  the 
specific  heat  becomes  constant,  and  is  then  subservient  to  the 
:law  of  Dulong  and  Petit.    In  the  case  of  siHcon  this  limit 
.was  found  to  be  200°  C,  and  for  the  different  modifications ' 
of  carbon  at  a  red  heat,  or  about  600°  C.    Although  in  the 
case  of  boron  this  limit  has  not  been  directly  determined,  yet 
the  observations  made  with  this  substance  exhibit  such  a 
3imilarity  m  behaviom-  to  that  of  carbon  that  the  limit  may 
.Tith  a  probabihty  approaching  to  a  certainty,  be  accepted  as 
}.ymg  between  500°  and  600°  C.    At  the  same  time  Weber 
Ifeonfirmed  the  observation  of  former  experimenters,  viz.  that 
n  aphite  below  a  red  heat  has  a  much  higher  specific  heat 
lian  diamond,  but  found  that  at  a  red  heat  this  difference 
)ecame  so  small  that  it  could  no  longer  be  measured  with 
!  iccuracy.    Contrary  to  former  observation,  it  was  found  that 
n  regard  to  specific  heat  no  difference  is  exhibited  by  graphite 
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compact  coal  (from  Wmisiedel),  and  porous  charcoal ;  and 
therefore  carbon,  as  regards  its  thermal  properties,  exists  in 
two  modifications  only,  viz.  the  transparent  and  opaque 
varieties.  Further,  that  at  a  red  heat,  where  their  optical 
differences  cease  to  exist,  these  allotropic  modifications  behave 
as  one  and  the  same  substance.  Boron  and  silicon  apparently 
exhibit  similar  properties.  According  to  Nilson  and  Petters- 
son  '  the  specific  heat  of  beryllium  also  varies  to  a  marked 
degree  with  the  temperature.  It  increases  with  a  rise  in 
temperature  more  rapidly  than  the  specific  heat  of  silicon,  but 
less  than  that  of  carbon  and  boron. 

The  following  table  contains  the  results  obtained  by  Weber 
and  Nilson  and  Pettersson.  The  description  of  the  element  is 
given  in  column  I. ;  column  Ila.  shows  the  specific  heats 
determined  at  the  temperature  t,  given  in  column  III.,  that 
of  water  at  0°  being  the  unit.  These  numbers  represent  that 
fraction  of  a  unit  cf  heat  which  is  required  to  raise  the 
temperature  of  the  unit  weight  of  the  substance  from  f  to 
{t+l)°  G.  Since  these  numbers  could  not  be  dhectly  de- 
duced from  experiment,  they  were  calculated  by  interpola- 
tion from  the  amounts  of  heat  taken  up  or  given  out  in 
heating  or  cooling  through  a  given  interval  of  temperature. 
Hampe  ^  has  shown  that  boron  crystallised  in  octahedra  and 
regarded  as  pure  is  a  compound  containing  13  %  Al, 
3-78  %  G,  and  83-22  %  B,  and  having  the  formula  CgAlgB^g. 
Since  Weber  used  this  variety  his  results  have  been  recalcul- 
ated on  the  assumption  (1)  that  the  specific  heat  of  alummium 
is  that  obtained  by  V.  Eegnault  and  H.  Kopp,  viz.  at  0°  =  0-20, 
and  at  23*3°  =  0-23,  and  that  between  these  temperatures  the 
changes  are  proportional  to  the  temperature  ;  (2)  that  carbon 
is  contained  in  these  crystals  in  the  form  of  diamond.  The 
results  of  these  calculations  are  given  in  the  column  lib. 
The  column  IV.  contains  the  numbers  representing  the 
increase  in-  the  specific  heat  for  each  degree  for  the  interval 
of  temperature  in  question.  Column  V.  contains  the  atomic 
weight  as  determined  by  Avogadro's  law,  and  in  VI.  are  the 
products  of  the  specific  heat  into  the  atomic  weights. 

'  Berichte  deut.  chem.  Ges.,  xiii.  1451,  1784. 
2  Lieb.  Ann.  1876,  clxxxiii.  98. 
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Specific  Heats  of  Boeon,  Cabbon,  Silicon,  and  Beeyllium. 


I. 

Iln. 

c' 

lib. 

III. 
t 

IV. 
A  c 

V. 

VI. 

Boron  in  octahedral  \ 

0-1915 

0-196 

-39-6° 

— 

10-9 

2-14 

crystals    '  / 

0-000800 

M                                  IJ  • 

C\'OAO 

u  Ztty 

+  iSO  0 

iT 

ci,n-t 
a  71 

0-000788 

it                                  Jl  • 

0-2737 

0-289 

+  76-7 

IJ 

3-14 

0-000757 

11                                  )i  ' 

0-3069 

0-326 

+ 125-8 

ji 

3-55 

0-000675 

11                                   It  • 

0-3378 

0-360 

+ 177-2 

J) 

3-92 

0-000543 

It                                   1)  • 

0-3663 

0-391 

+  233-2 

— 

j» 

4-26 

Carbon :  (1)  Diamond  . 

— ■ 

0-0635 

-50-5 

11-97 

0-76 

0-000802 

It  It 

— 

0-0955 

-10-6 

it 

1-15 

0-000812 

11                       n  • 

— 

0-1128 

+  10-7 

iy 

1-35 

0-000837 

It  r» 

— 

0-1318 

+  33-4 

>» 

1-58 

0-000859 

11                       11  • 

0-1532 

i  o4 

0-000856 

11                       11  • 

0-1765 

J) 

O.I  o 

0-000831 

0-2218 

+ 140-0 

j» 

^  uo 

0-000779 

ft  ri 

0-2733 

T  ^UO  J. 

j» 

3-28 

0-000716 

IT  . 

0-3026 

+  247-0 

I) 

3-63 

11  11 

0-4408 

+  606-7 

— 

» J 

6-29 

It  11 

— 

0-4489 

+  806-5 

— 

») 

5-39 

11  11 

— 

0-4589 

+  985-0 

— 

t  J 

5-51 

1,       (2)  Graphite  . 

— 

"0-1138 

-  50-3 

— 

J » 

1-87 

0-000749 

11  It 

— 

0-1437 

-  10-7 

1) 

1-73 

0-000777 

11               11  • 

0-1 604 

»» 

"1  .no 

0-000764 

11               If  • 

4-  fil 

2-a9 

0-000715 

"  II 

0-2542 

+ 138-5 

n 

3-05 

0-000672 

ir  ,) 

0-2966 

+  201-6 

» J 

3-56 

0-000596 

II  ti 

0-3250 

+  249-3 

)» 

3-88 

11  II 

0-4454 

+  641-9 

>» 

5-85 

11  „ 

0-4539  j 

+  822-0 

T  f 
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Specific  Heats  of  Boron,  Carbon,  Silicon,  and  Bekyllidm — continued. 


 ■  

1, 

lib. 

m. 

rv. 

V. 

VI. 

c 

t 

A  C 

A. 

AX 



nprlion  •  ^2^  Grra'Dliite  . 

0-4670 

+  977-9° 



11-97 

5-50 

0-1360 

-  39-8 

0-000550 

28 

3-81 

0-1697 

+  21-6 

4-75 

1 

»♦                  »»  * 

0000382 

0-1833 

+  57-1 

0  xo 

»»  l» 

0-000235 

0*1901 

+  86-0 

5-32 

91                         *f  * 

0-000148 

n                  i>  • 

0-1964 

+  128-7 

5-50 

0-000085 

0-2011 

+  184-3 

5-63 

»l  »• 

0-000038 

»» 

0-2029 

+  232-4 

5-68 

Beryllium*  .       .  . 

0-3973 

+  23-0 

0-00101 

9-1 

3-62 

0-4481 

+  73-0 

1) 

4-08 

it             •           •  ' 

0-00085 

0-5193 

+  157-0 

11 

4-73 

i»             .           •  • 

0-00063 

l»             ,           .  • 

0-5819 

+  257-0 

>» 

5-29 

Although  the  determinations  of  the  specific  heats  of  these 
three  elements  made  previous  to  Weber's  experiments  have 
but  little  value  for  the  determination  of  the  atomic  weight, 
yet  for  the  sake  of  completeness  they  are  given  in  the  follow- 
ing table.  No  mention  is  made  of  the  cases  where  a  porous 
form  of  carbon  has  been  used,  since  the  results  are  vitiated 
by  the  heat  ^Droduced  in  the  absorption  of  water  by  the  carbon 
(Weber,  loc.  cit.)  The  arrangement  of  the  following  table  is 
similar  to  that  of  the  former,  save  that  in  column  IV.  the 
names  of  the  observers  are  given  with  the  following  abbrevia- 
tions :— Eg.  for  V.  Kegnault,^  Kp.  for  Kopp,^  B.W.  for  Betten- 
dorf  and  Wiilhier,''  M.D.   for  Mixter  and   Dana.^  The 

'  The  values  for  the  real  specific  heats  were  calculated  by  L.  Meyer  from 
the  apparent  specific  heat.     Ber.  deut.  diem.  Oes.  1880,  xiii.  1784.  _ 

^  Ami.  Chim.  Phys.m  1841,  i.  202-205 ;  1861,  Ixiii.  24-38;  [4]  1866,  vu. 
450-462. 

3  Lieh.  Ann.,  1864  and  1865  ;  Suppl.-Bd.  iii.  63-73. 

^  Pogg.  Ann.  1868,  cxxxiii.   With  regard  to  the  calculations  from  these 
observations,  vide  Weber  {loc.  cit.) 
«  Lieb.  Ann.  1873,  clxix.  388. 
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temperatures  given  iii  column  III.  are  calculated  on  the 
assumption  that  the  specific  heat  within  the  limits  of  tem- 
perature of  observation  varies  directly  with  the  temperature  ; 
Weber,  however,  has  shown  that  this  assumption  is  only 
approximately  true. 


I. 

11. 

III. 

rv. 

V. 

IV. 

O  V»  Cl  P  T 'U'PT 
WUbcX  V  Ci. 

_4 

A.c 

Boron,  amorphous  . 

0-254 

+  36° 

Kp.  1864 

B  =  10-9 

2-8 

„  crystalline 

0-230 

+  36 

») 

2-5 

ji           1)  • 

0-252 

+  50 

M.D. 1873 

» 

2-7 

1)  !> 

0-262 

+  54 

Eg.  1861 

2-9 

>l  ») 

0-225 

+  55 

I) 

" 

2-5 

yj  »)^ 

+  57 

)) 

28 

„  graphitic 

0-235 

+  58 

»» 

t> 

2-6 

Carbon : 

(a)  Diamond 

ji            •  • 

(b)  Ai-tificial  graphite 

0-143 

+  47 

B.W.  1868 

0  =  11-97 

1-7 

0-147 

+  54 

Eg.  1841 

>J 

1-8 

0-165 

+  36 

Kp.  1864 

>1 

2-0 

1)          j>  • 

0-186 

+  45 

B.W.  1868 

J  i 

2-2 

»j  ») 

0-197 

+  55 

Eg.  1841 

n 

2-4 

(c)  Natural  graphite  . 

0-174 

+  36 

Kp.  1864 

»i 

2-1 

i»         »>  * 

0-188 

+  46 

B.W.  1868 

)» 

2-3 

>i         J)  ' 

0-198 

+  57 

Eg.  1866 

2-4 

Silicon,  fused  . 

0-138 

+  35 

Kp.  1864 

Si  =  28 

3-9 

»>  )» 

0-166 

+  60 

Eg.  1861 

»» 

4-6 

,,     crystalline  . 

•> 

)»           )i  • 

0-165 

+  35 

Kp.  1864 

It 

4-6 

0-171 

+  50 

M.D.  1873 

»» 

4-8 

It           j»  • 

0173 

+  60 

Eg.  1861 

»■» 

4-8 

§  39.  The  influence  of  temperatm'e  on  the  specific  heats  of 
these  three  soHd  elementary  bodies  is  much  greater  than  in 
the  case  of  the  other  elements  the  specific  heats  of  which 
have  been  determined.  In  all  cases,  however,  an  increase  in 
the  specific  heat  with  rise  in  temperature  has  been  observed, 
but  this  increase  is  similar  to  that  exhibited  by  carbon  above 
a  red  heat,  and  by  siHcon  at  temperatures  from  200°  upwards. 
As  a  rule,  a  greater  increase  m  the  specific  heat  is  observed 
when  the  temperature  of  observation  is  near  the  melting  point 
of  the  substance,  except  in  the  case  of  those  elements  which 
soften  before  melting,  when  the  increase  in  the  specific  heat 
is  noticed  many  degrees  below  the  melting  point.    The  specific 

'  This  sample  was  analysed,  and  the  specific  heats  of  the  impurities 
deducted. 

^  This  sample  of  silicon  was  analysed,  and  allowances  made  for  the  specific 
heats  of  the  impurities. 
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heats  determined  at  temperatures  sufficiently  removed  from 
the  melting  point,  obey  the  laws  of  Dulong  and  Petit ;  i.e. 
for  each  element  a  number  may  be  obtamed  representing  the 
thermal  atomic  weight,  which  when  multiphed  into  the  specific 
heat  gives  the  atomic  heat ;  a  value  which  is  approximately 
the  same  for  all  elements. 

The  following  table  gives  a  summary  of  the  elements  the 
specific  heats  of  which  in  the  solid  state  have  been  determined 
with  anything  Hke  accuracy.*  The  names  of  the  elements  are 
given  in  column  I.,  in  II.  under  c  are  given  the  specific  heats, 
that  of  water  bemg  taken  as  the  unit,  and  in  III.  under  t  are 
given  the  temperatures  of  observation  ;  *  the  column  IV.  gives 
the  names  of  observers  with  the  following  abbreviations  : — Eg. 
for  Eegnault,^  Kp.  for  Kopp,^  N.  for  Neumann,^  B.W.  for  Betten- 
dorf  and  Wiilhier,"  Bn.  for  Bunsen,'^  Wb.  for  H.  F.  Weber,«  M.D. 
for  Mixter  and  Dana,^  H.  for  Hildebrand,*"  Ni.  for  Nilson,  N.P. 
for  Nilson  and  Fetter sson,**  Bt.  for  Berthelot,'^  Z.  for  Zimmer- 
mann  column  V.  under  A  contains  those  values  which  must 
be  accepted  as  atomic  weights  (H  =  1)  in  order  that  the  pro- 
ducts obtained  by  multiplymg  them  mto  the  specific  heats 
may  be  approximately  6*4  ;  column  VI.  under  ^.c  contains  the 
atomic  heats,  i.e.  the  product  of  the  atomic  weight  into  the 
specific  heat. 

'  A  very  complete  summary  is  given  of  these  determinations  in  No.  276  of 
the  Smithsonian  Miscellaneous  Collection,  '  The  Constants  of  Nature,'  pt.  ii., 
compiled  by  F.  W.  Clarke,  Washington,  1876. 

-  These  temperatures  are  the  arithmetical  mean  of  the  extreme  tempe- 
ratures at  which  the  specific  heats  were  determined.  For  B,  C,  Si,  Be,  vide 
§  38. 

0  Ann.  CUm.  P%s.  [2]  1840,  Ixxiii.  5;  [3]  1841,  i.  129;  1843,  ix.  322; 
1849,  xxvi.  261;  1853,  xxxviii.  129;  1856,  xlvi.  257;  1861,  Ixiii.  5;  1862, 
Ixvii.  427. 

"  Lieh.  Ann.  1863,  cxxvi.  362  ;  1864  and  1865  ;  Suppl.-Band,  iii.  1 
and  289. 

*  Fogg.  Ann.  1865,  cxxvi.  123. 

6  Ibid.  1868,  cxxxiii.  293.  With  regard  to  the  calculations  from  these 
observations,  vide  Weber,  Zoc.  cit. 

'  md.  1870,  cxli.  1.  '  Ibid.  87. 

9  Lieh.  Ann.  1873,  clxix.  388.  '»  Pogg.  Ann.  1876,  clviii.  71. 

'1  Ber.  d.  cliem.  Gcs.  1878,  381 ;  Nov.  Acta  Reg.  Soc.  Sc.  Ups.  ser.  iii. 
May,  1878. 

'2  Ann.  Chim.  Phys.  [5]  1878,  xv.  242. 

'3  Ber.  deut.  chem.  Oes.  1882,  847. 


SPECIFIC  HEATS  OF  THE  ELEMENTS  73 


SpEOirio  Heats  of  the  Elements. 


I. 

II. 

III. 

IV. 

V. 

VI. 

c 

t 

\J  L/QcJL  V  ( 

 " 

A.c 

Lithium 

0-941 

+ 

64° 

Eg. 

Li 

=  7-01 

6-6 

Boron,  crystalline" 

0-366 

+  238 

Wb. 

B 

=  10-9 

4-3 

II        II    •       •  • 

0-5(?) 

+  600 

2 

) » 

(5-45) 

Beryllium 

0-582 

+  257 

N.  P. 

Be 

=  9-1 

5-3 

Carbon  : 

(a)  Diamond 

0-459 

+  985 

Wb. 

C 

=  11-97 

5-5 

(b)  Graphite 

0-467 

+  978 

it 

»» 

n 

5-5 

Sodium 

0-293 

14 

Eg. 

Na 

=  22-99 

6-7 

Magnesium  . 

0-245 

+ 

36 

Kp. 

Mg 

=  23-94 

5-9 

II          •       .  . 

0-250 

+ 

60 

Eg. 

6-0 

Aluminium  , 

0-202 

+ 

37 

Kp. 

Al 

=  27-0 

5-5 

II  ... 

0-214 

+ 

60 

Eg. 

» » 

5-8 

Sihcon,  crystalline 

0-203 

+  232 

Wb. 

Si 

=  28 

5-7 

Phosphorus,  yellow 

0-174 

34 

Eg. 

P 

=  30-96 

5-4 

II           II  • 

0-189 

+ 

19 

it 

J> 

1* 

5-9 

red 

0-170 

+ 

67 

M 

n 

J) 

5-3 

Sulphur,  rhombic . 

0-168 

+ 

31 

Kp. 

s 

=  31-98 

6-2 

11          11      '  • 

0-171 

+ 

50 

Bn. 

»» 

»» 

5-5 

»i          11      •  • 

0-178 

+ 

67 

Eg. 

)» 

*) 

5-7 

„  fused 

0-208  3 

+ 

56 

»» 

>» 

»» 

6-5 

Potassium  . 

0-166 

84  * 

»» 

K 

=  89-03 

6-5 

Calcium 

0170 

+ 

50 

Bn. 

Ca 

=  39-9 

6-8 

Chromium  . 

0-100  5 

+ 

86 

Kp. 

Cr 

=  52-4 

5-2^ 

Manganese " 

0-122 

+ 

55 

Eg. 

Mn 

=  54-8 

6-7 

lion  .... 

0-112 

+ 

31 

Kp. 

Fe 

=  55-9 

6-3 

11  .... 

0-114 

+ 

58 

Eg. 

t » 

6-4 

Cobalt' 

0-107 

+ 

55 

] } 

Co 

=  58-6 

6-3 

Nickel' 

0-108 

+ 

55 

n 

Ni 

=^58-6 

6-4 

Copper 

0-0930 

+ 

35 

Kp. 

Cu 

=  63-2 

5-9 

11  ... 

0-0952 

+ 

58 

Eg. 

It 

6-0 

Zinc  .... 

0-0932 

+ 

33 

Kp. 

Zn 

=  64-9 

61 

I,      .       .       •  . 

0-0935 

+ 

50 

Bn. 

)» 

6-1 

11      •       1       •  • 

0-0955 

+ 

55 

Eg. 

»> 

6-2 

Gallium 

0-079 

+ 

17  8 

Bt. 

Ga 

=  69-9 

5-5 

Arsenic,  amorphous 

0-0758" 

+ 

45 

B.W. 

As 

=  74-9 

5-7 

'  Vide  p.  69.  ^  Hypothetical  value ;  compare  §  38. 

»  This  number  is  too  high  owing  to  heat  produced  by  change  of  state. 
The  observation  was  made  at  temperatures  between  —  78°  and  some  other 
temperature  not  mentioned,  possibly  + 10°. 

5  This  number  is  too  low,  the  reasons  for  this  are  given  by  Kopp  (Zoc. 
cit.  p.  77). 

'  It  contained  some  silicon  ;  a  specimen  containing  a  large  amount  of  silicon 
and  carbon  gave  c  =  0-133. 

'  These  are  the  smallest  values  obtained;  specimens  containing  carbon 
gave  higher  numbers,  e.g.  0-116  and  0-117. 

*  At  temperatures  between  23°  and  12°C.,  and  therefore  for  very  narrow 
limits. 

'  The  numbers  obtained  by  Bettendorf  and  Wiillner  are  too  high ;  vide  Weber 
(loc.  cit.  p.  5). 


74  MODERN  THEORIES  OF  CHEMISTRY 


Specific  Heats  of  the  Elements — continiied. 


I. 

11. 

m. 

IV. 

V. 

VI. 

c 

t 

Observ. 

A 

A.c. 

Arsenic,  crystalline 

0-0830' 

+  45° 

B.W. 

As  =74-9 

6-2 

)»             jj  • 

0-0814 

+  55 

Eg. 

11  11 

6-1 

)>  >> 

0-0822 

+  56 

N. 

11  11 

6-2 

Selenium,  amorphous  ^. 

0-0746 

-  9 

Rg. 

Se  =78-9 

5-9 

,,       crystalline  . 

0-0745 

-  5 

M  1» 

5-9 

II               i>  • 

0-0840' 

+  42 

B.W. 

»»  ») 

6-6 

11  i» 

0-0861 

+  61 

N. 

»)  »l 

6-8 

)i               11  • 

0-0762 

+  59 

Eg. 

J)  »» 

6-0 

Bromine,  solid 

0-0843 

-  51 

Br  =79-76 

6-7 

Zirconium  . 

0-0662 

+  50 

M.D. 

Zr  =90-4 

6-0 

Molybdenum  ' 

0-0722 

+  55 

Rg. 

Mo  =  95-9 

6-9 

Ruthenium  . 

0-0611 

+  50 

Bn. 

Eu  =  103-5 

6-3 

Rhodium  '  . 

0-0580 

+  55 

Eg.. 

Eh  =  104-1 

6-0 

Palladium  . 

0-0593 

+  55 

Pd  =  106-2 

6-3 

Silver  .... 

0-0560 

+  36 

Kp. 

Ag  =  107-66 

6-0 

0-0559 

+  50 

Bn. 

n  )* 

6-0 

0-0570 

+  55 

Eg. 

6-1 

Cadmium 

0-0542 

+  37 

Kp. 

Cd  =111-7 

6-0 

11  ... 

0-0548 

+  50 

Bn. 

» )                 »  » 

6-1 

,,  ... 

0-0567 

+  55 

Eg. 

))  ») 

6-3 

Indium 

0-0570 

+  50 

Bn. 

In  =113-4 

6-5 

Tin      ...  . 

0-0548 

+  34 

Kp. 

Sn  =117-4 

6-5 

11  .... 

00559 

+  50 

Bn. 

1)  )f 

6-6 

11  .... 

0-0562 

+  55 

Eg. 

6-6 

Antimony 

0-0523 

+  31 

Kp. 

Sb  =120 

6-3 

11  ... 

0-0495 

+  50 

Bn. 

)>  It 

6-9 

11  ... 

0-0508 

+  55 

Eg. 

yy  »» 

6-1 

Iodine 

00541 

+  59 

I  =126-53 

6-8 

Tellurium 

0-0475 

+  36 

Kp. 

Te  =126-3 

6-0 

11  ... 

0-0474 

+  55 

Rg. 

6-0 

Lanthanum  . 

0-0449 

+  50 

H. 

La  =  138-5 

6-2. 

Didymium  . 

00456 

+  50 

»» 

Di  =145 

6-6 

Cerium 

0-0448 

+  49 

»» 

Ce  =141 

6-3 

Tungsten 

0-0334 

+  65 

Eg. 

W  =183-6 

6-1 

Iridium 

0-0326 

+  60 

J » 

Ir  =192-7 

6-3 

Platinum 

0-0325 

+  36 

Kp. 

Pt  =194-3 

6-3 

0-0324 

+  55 

Eg. 

6-3 

Gold"  .  . 

0-0324 

+  55 

»» 

Au=  196-2 

6-4 

Osmium 

0-0311 

+  60 

11 

Os  =195 

6-0 

'  The  numbers  obtained  by  Bettendorf  and  Wiillner  are  too  high  ;  vide  Weber 
(loc.  cit.  p.  6). 

2  Bettendorf  and  Wiilhier  found  c  =  0-095,  A.c  =  1-4:  at  temperatures  between 
+  20°  and  +40°;  whilst  Eegnault  obtained  the  following  values  c =0-1026, 
.4.c  =  8-0,  at  temperatures  between  +18°  and  +  77°;  and  c  =  0-1036,  ^.c  =  8-l, 
at  temperatures  between  + 19°  and  +  85°.  These  numbers  are  too  high,  owing  to 
the  heat  rendered  latent  by  amorphous  selenium,  inasmuch  as  it  softens  a 
temperatures  much  below  its  melting  point. 

'  This  specimen  contained  carbon. 

*  Another  specimen  containing  iridium  gave  c  =  0-0563. 
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Specific  Heats  of  the  Elements — continued. 


I. 

n. 

m. 

IV. 

V. 

VI. 

c 

t 

A.C 

Mercui-y  "... 

0-319 

59° 

Eg. 

Hg 

=  199-8 

6-4 

Thallium 

0-0335 

+ 

58 

Tl 

=  203-7 

6-8 

Lead  .... 

0-0307 

34 

Ji 

Pb 

=  206-4 

6-3 

»»••'• 

0-0315 

+ 

34 

Kp. 

)» 

6-5 

»»•••• 

0-0314 

+ 

55 

Eg. 

)> 

6-5 

Bismuth 

0-0305 

+ 

34 

Kp. 

Bi 

=  207-5 

6-3 

»»  ... 

0-0308 

+ 

55 

Eg. 

6-5 

Thorium 

0-0276 

+ 

50 

Ni. 

Th 

=  232 

6-4 

Uranium 

0-0277 

+ 

49 

Z. 

U 

=  240 

6-6 

The  maximum  values  of  the  atomic  weights  of  26  of  the 
49  elements  contained  in  this  table  have  been  deduced,  accord- 
ing to  Avogadro's  law,  from  the  vapom'  density  of  at  least  one 
compound  {vide  table,  pp.  37-42).  This  represents  the  smallest 
quantity  of  an  element  which  can  exist  in  the  molecule  of  one 
of  its  compounds. 

The  numbers  obtained  by  the  apphcation  of  the  hypotheses 
of  Avogadro  and  of  Dulong  and  Petit  agree  in  the  majority  of 
cases,  as  is  shown  by  the  tables  on  pp.  37-42  and  73.  In  the 
following  instances,  the  deductions  from  these  two  hypotheses 
have  led  to  the  acceptance  of  the  same  atomic  weights,  viz., 
for  boron,  carbon,  sihcon,  phosphorus,  sulphur,  chromium, 
zinc,  gaUium,  arsenic,  selenium,  bromine,  zirconium,  molybde- 
num, cadmium,  indium,  tin,  antimony,  iodine,  tellurium, 
tungsten,  osmium,  mercury,  thalhum,  lead,  bismuth,  and 
m'anium. 

The  atomic  weights  of  aluminium,  iron,  and  copper,  as 
deduced  from  their  specific  heats,  are  half  those  deduced  from 
the  molecular  weights  of  their  compounds.  Consequently,  in 
all  the  compounds  of  these  metals  known  in  the  gaseous  state, 
we  assume  the  existence  of  two  atoms  of  the  metal  in  the 
molecule.  And  therefore  the  composition  of  these  compounds 
must  be  expressed  by  the  following  formulae :  AI2CI6,  Al^Br^, 
Algig,  FegClg,  and  Cn^Cl^.  Thus  the  deductions  made  from 
the  law  of  specific  heats  in  the  case  of  these  metals  can  be 
reconciled  with  those  made  from  the  law  of  Avogadro. 

'  In  the  solid  state  :  liquid  mercury  has  a  somewhat  higher  specific  heat, 
viz.  at  t-55°,  c  =  0-0338  (Eg.  1840). 
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§  40.  The  numbers  in  column  VI.  under  A.c  of  the  table, 
represent  the  atomic  heats  of  the  elements,  i.e.  the  product 
of  the  atomic  weight  mto  the  specific  heat.  These  numbers 
show  that  the  atomic  heats  of  all  the  elements  are  not 
exactly  identical,  as  is  required  by  the  law  of  Dulong  and 
Petit.  The  numbers  vary  between  very  wide  limits ;  in  the 
majority  of  cases  the  atomic  heat  has  a  value  varying  from 
6*1  to  6'5  ;  other  elements  possess  much  lower  atomic  heats, 
as  seen  in  the  case  of  the  elements  boron,  carbon,  aluminium, 
silicon,  beryllium,  phosphorus,  and  sulphur ;  in  some  cases  the 
atomic  heat  falling  as  low  as  5*2.  In  the  case  of  some  other 
elements,  such  as  Hthium,  sodium,  calcium,  manganese,  bro- 
mine, molybdenum,  and  iodine,  the  atomic  heat  is  above  the 
average,  rising,  in  fact,  in  some  instances  to  6*9.  These 
deviations  in  all  probability  arise  from  impurities  in  the  sub- 
stances used ;  this  statement  certamly  applies  to  manganese 
and  molybdenum,  and  perhaps  to  others  ;  the  error  will,  of 
course,  depend  upon  the  nature  of  the  impurity.  Other  devia- 
tions are  to  be  attributed  to  errors  of  observation ;  the  effect 
of  which  in  the  case  of  such  substances  as  the  alkali  metals, 
which  are  manipulated  with  great  difficulty,  is  considerable ; 
and  also  in  those  cases  where  only  small  quantities  of  the 
substance  can  be  obtained  for  experiment.  The  chief  cause  of 
the  differences  in  the  observed  atomic  heats  is,  without  doubt, 
to  be  found  in  the  following  :  (1)  the  effects  of  temperature 
upon  the  specific  heat ;  (2)  the  effect  of  the  physical  condition 
of  the  substance.  The  cases  in  which  the  specific  heat  of  an 
element  has  been  determined  at  different  temperatures  prove 
that  it  increases  with  the  temperature,  and,  further,  the 
amomit  of  this  increase  differs  in  the  case  of  each  element. 
Hence  it  follows  that  the  atomic  heats  of  different  elements 
cannot  at  one  and  the  same  temperatm-e  be  identical. 

Despite  the  differences  exhibited  by  the  determinations 
already  made,  it  is  still  possible  that  the  law  of  Dulong  and 
Petit  is  strictly  true.  The  values  for  the  specific  heat  obtained 
by  experiment  are  in  reality  due  to  two  constants,  viz.  (1)  the 
true  or  absolute  specific  heat  representing  the  amount  of  heat 
which  is  required  to  raise  the  temperature  of  the  substance, 
and  (2)  the  amount  of  heat  required  for  the  purposes  of  ex- 
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pansion,  and  also  to  produce  changes  of  those  functions  which 
Clausius  '  has  styled  disgregation.  It  can  therefore  be  easily 
understood  that  the  apparent  specific  heats  of  some  of  the 
elements  should  be  found  greater  or  less  than  required  by  the 
law  of  Dulong  and  Petit,  insomuch  as  the  amounts  of  heat 
requu-ed  to  produce  the  changes  of  the  '  disgregation  '  in  each 
case  must  be  different. 

Although  the  inequality  in  the  amomit  of  heat  required  to 
produce  molecular  changes  is  sufficient  to  explain  the  in- 
equahties  in  the  atomic  heats  of  most  of  the  elements,  it  does 
not,  however,  suffice  to  explain  the  deviations  exhibited  by 
boron,  carbon,  beryllium,  and  silicon  at  low  temperatures. 
Experiment  pomts  rather  to  the  conclusion  that  in  the  case 
of  these  elements  the  law  holds  true  at  certain  temperatures 
only,  dependent  upon  the  nature  of  the  substance.  Taking 
into  consideration  the  observations  made  in  the  case  of  some 
elements,  viz.,  that  this  law  does  not,  in  the  majority  of  cases, 
hold  true  at  temperatures  approaching  the  melting  point,  and 
that  its  application  ceases  entirely  in  the  case  of  liquids,  the 
conclusion  then  becomes  more  forcible  that  the  law  of  Dulong 
and  Petit  is  true  only  within  certain  fixed  limits  of  tempera- 
ture ;  at  any  rate,  this  is  the  case  with  the  non-metallic  ele- 
ments. It  is  characteristic  of  this  interval  of  temperature 
that  within  it  the  specific  heat  is  but  sHghtly  affected  by 
change  of  temperature,  whereas  at  temperatures  above  or 
below,  the  specific  heat  varies  considerably  with  the  tem- 
perature. 

§  41.  Having  arrived  at  this  conclusion,  it  is  necessary  in 
deducing  the  atomic  weight  of  an  element  from  its  specific 
heat  to  show  that  the  latter  has  been  determmed  at  tempera- 
tures between  which  it  exhibits  but  sHght  variations.  This 
proof  is  obtained  by  determining  the  specific  heats  at  several 
temperatures  sufficiently  removed  from  one  another. 

Such  determinations  have  been  made  for  iron,  copper, 
zinc,  silver,  antimony,  platmum,  and  mercury  by  Dulong  and 
Petit ;  2  for  platinum  by  Pouillet ;  ^  for  iron,  copper,  zinc,  tin, 

'  Clausius,  'Ueber  die  Anwendung  des  Satzes  von  der  Aequivalenz  der 
Verwandlungen  auf  die  innere  Arbeit,'  Pogg.  Aim.  1862,  cxvi.  73. 

2  Arm.  Cfrnn.  Phys.  [2],  1818,  vii.  142.  »  Covipt.  Rend.  1836,  ii.  782. 
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antimony,  lead,  and  bismuth  by  Bede  ;  ^  for  iron,  silver,  and 
platinum  by  Bystrom  ;  ^  for  platinum  by  Weinhold  ;  ^  and  for 
platinum,  iridium,  and  gold  by  VioUe.'*  The  specific  heats 
and  the  variations  due  to  temperature  obtained  by  these  in- 
vestigators exhibit  certain  dilferences,  but  all  agree  in  showing 
the  atomic  heats  of  these  elements  to  exhibit  but  shght  dif- 
ferences, even  at  temperatures  many  hundreds  and  even  at  a 
thousand  degrees  above  the  boiling-point  of  water.  The  mean 
atomic  heat  of  these  elements  was  found  to  be  some  7  units. 
Hence  it  follows  that  the  law  of  Dulong  and  Petit  holds  good 
even  at  such  high  temperatures. 

Such  observations  are,  however,  wanting  for  the  majority 
of  the  elements.  The  identity  of  the  atomic  weights  deduced 
by  application  of  the  law  of  specific  heats  with  those  obtamed 
by  aid  of  Avogadro's  law,  and  other  reasons  which  will  be 
given  later  on,  indicate  that  the  values  given  in  column  V. 
of  the  table  (§  39)  represent  the  true  atomic  weights.  Con- 
sequently the  temperature  at  which  these  specific  heats  have 
been  determmed  must  either  be  withm  or  not  far  removed 
from  the  correct  limits. 

The  undoubtedly  incorrect  determination  of  the  specific 
heat  of  berylUum  by  Emerson  Eeynolds  ^  makes  c  =  0-64, 
corresponding  to  the  atomic  weight  Be  =  9-1  (A.c  =  5-8). 
(There  are  many  reasons  for  regarding  this  as  the  true  value 
for  the  atomic  weight.)  Nilson  and  Pettersson"  found  the 
specific  heat  of  the  metal  equal  to  0-41  at  50°,  and  assumed 
that  its  atomic  weight  was  half  as  large  again.  Be  =  13-7 
{A.c  =  5-6).  After  Brauner^  had  pointed  out  that  it  was 
highly  probable  that  the  specific  heat  of  this  metal,  hke  that 
of  boron,  carbon,  and  sihcon,  would  be  greatly  influenced  by 
temperature,  Nilson  and  Pettersson  confirmed  the  prediction 
by  experiment.  But  since  the  variation  is  less  than  in  the 
case  of  boron  and  carbon,  and  is  nearly  the  same  as  Bede « 

'  Fortschritte  d.  Physik.  1855,  ix.  379. 

2  Ibid.  1860,  vi.  369. 

3  Progravim  der  h.  Gewerbschule  zu  Chemnitz,  Ostern,  1873,  32. 
<  Cmnpt.  Bend.  1877,  Ixxxv.  543 ;  1879,  Ixxxix.  702. 

5  Phil.  Mag.  [5]  1877,  iii.  38.  *  Loc.  cit.  90. 

'  Ber.  deutsch.  chcm.  Ges.  1878,  xi.  873. 

8  M4m.  Cour.  dx.  de  VAcad.  de  Bnixelles,  xxvii. 
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found  for  ii'on,  Nilson  and  Pettersson  were  at  first  inclined  to 
retain  the  larger  atomic  weight.  But  iron  is  not  suited  for 
instituting  such  a  comparison,  as  it  softens  long  before  melting, 
and  the  highest  value  for  c  observed  by  Nilson  and  Pettersson, 
viz.,  0*58  at  257°,  gives  for  the  atomic  heat  A.c  =  7'9,  which 
is  obviously  too  high.  Hence  it  is  at  least  very  probable  that 
the  more  correct  assumption  is  that  Be  =  9'1.' 

In  all  probability  the  atomic  heats  would  exhibit  a  greater 
similarity  if  the  specific  heats  were  determined  at  tempera- 
tures at  which  they  exhibit  the  least  change. 

Since  the  atomic  heats  of  carbon  and  silicon,  determined 
at  temperatures  at  which  their  specific  heats  are  almost  con- 
stant, are  lower  than  6  units  of  heat,  it  is  therefore  possible, 
and  not  improbable,  that  the  elements  the  atomic  heats  of  which 
have  hitherto  been  found  to  be  small  will  retain  a  low  atomic 
heat  at  all  temperatures.  Small  atomic  heats  are  exhibited  by 
non-metallic  and  semi-metallic  elements  with  small  atomic 
weights,  such  as  boron,  carbon,  sihcon,  phosphorus,  and  sul- 
phur; and  also  by  the  metals  alummium,  berylHum,  and 
magnesium. 

Should  futm-e  investigation  confirm  the  supposition  that 
the  law  of  specific  heats  is  only  approximately  true,  this 
would  not  in  any  way  lessen  its  value.  Inasmuch  as  natural 
laws  are  simply  generalisations  based  upon  observations,  and 
hold  true  for  those  limits  only  withm  which  the  facts  leadmg 
to  their  discovery  or  confirmation  lie,  the  appHcation  of  such 
a  law  may,  therefore,  be  very  limited  without  affecting  its 
value.  Boyle's  or,  as  it  is  frequently  styled,  Marriotte's  law, 
viz.  that  the  density  of  a  gas  is  proportional  to  the  pres- 
sm-e,  holds  true,  and  then  only  approximately,  within  certain 
Hmits  of  temperature  and  pressure.  This  statement  appHes  also 
to  Avogadro's  law,  which  is  dependent  upon  Boyle's  law,  and 
is  therefore,  as  is  the  case  with  the  latter,  true  only  mider  these 
conditions.  Further,  it  is  only  true  for  temperatures  far  removed 
from  that  at  which  the  gas  passes  into  the  state  of  liquid. 

Similarly,  it  has  been  known  for  some  time  that  the  law 
of  Dulong  and  Petit,  at  least  in  its  present  form,  does  not  hold 

'  Vide  Lothar  Meyer,  Ber.  deut.  chem.  Ges.  1880,  xiii.  1780  ;  L  F  Nilson 
ibid.  2035, 
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true  for  gases  or  liquids,  and  can  only,  as  a  rule,  be  applied 
to  solids,  at  temperatures  much  below  their  melting-points. 
Further,  Weber's  experiments  indicate  that  there  is  a  limit  of 
temperature  below  which  this  law  no  longer  holds.  On  the 
other  hand,  it  is  possible  for  some  elements,  both  in  the  solid 
and  in  the  liquid  state,  to  obey  this  law.  Winkelmann '  has 
shown  that  this  is  true  of  mercury,  the  specific  heat  of  which, 
instead  of  mcrfiasing,  appears  to  diminish  with  an  increase  of 
temperature.  At  present  we  are  not  in  the  position  to  state 
in  general  terms  the  conditions  affecting  the  validity  of  this 
law.  In  order  that  this  may  be  done,  it  is  necessary  that 
investigations  embracing  a  large  number  of  elements  should 
be  made,  to  ascertain  the  influence  of  temperature  upon  the 
apparent  specific  heats.  Such  mvestigations,  as  pointed  out 
by  Weber  {loc.  cit.),  would  be  of  great  value  to  the  study  of 
physics. 

§  42.  The  specific  heat  of  atoms  is  apparently  unaltered 
by  combination,  and  consequently  the  molecular  weight  of  a 
compound  in  the  solid  state  possesses  a  specific  heat,  which 
is  made  up  of  the  sum  of  the  specific  heats  of  the  atoms 
contained  in  the  compound.^ 

Thus,  for  example,  the  specific  heat  of  lead  iodide  as  deter- 
mined by  Kegnault  is  0-0427,  and  that  of  lead  bromide 
0-0533.  If  these  numbers  are  multiplied  by  the  molecular 
weights  3  of  these  compounds,  viz.  459-5  and  365-9  respec- 
tively, then  the  products  obtained,  viz.  19-6  and  19-5,  re- 
present the  specific  heats  of  these  molecules  or  their  molecular 
heats.  The  sums  of  the  atomic  heats  of  the  atoms  contained 
in  these  compounds  are,  according  to  the  table,  §  39  : 
For  lead  iodide  6-5  +  2  x  6-8  =  20-1. 
For  lead  bromide  6-5  +  2  x  6-7  =  19-9. 

>  Po(7Sf.  ^n?t.  1876,  clix.  152.  .  •,. 

«  An  account  of  the  part  taken  by  different  investigators  m  establishing  this 
law  especially  by  Eegnault,  De  la  Rive  and  Marcet,  H.  Schroder,  Woestyn 
Garnier,  Bancalari,  Cannizzaro,  and  others,  is  to  be  found  in  the  historical 
introduction  to  Kopp's  complete  work  on  this  subject  (Lieb.  Ami.  1864 ; 

Suppl.-Bd.  iii.  1,  &c.)  ^.  x-.  .   *  ^i, 

^  These  molecular  weights  are  hypothetical ;  we  may  substitute  for  them 
double  the  quantities  Pb,I„  and  Pb,Br„  or  any  other  multiples,  without  in  the 
least  affecting  the  point  in  question. 


SPECIFIC  HEATS  OF  COMPOUNDS 


81 


Thus,  supposing  the  atomic  heats  of  bromine  and  iodine 
were  unknown,  they  might  be  deduced  approximately  from 
the  molecular  heats  of  the  bromide  and  iodide  by  subtracting 
from  them  the  atomic  heat  of  the  lead  contained  in  these 
compounds.  The  remainder,  obtained  in  this  manner,  repre- 
sents the  atomic  heats  of  bromine  or  iodine. 

Performing  this  calculation  we  obtain  the  following 
results  : 

19-6 -6-5  =  13-1  =  2  X  6-55  for  iodine. 
19-5 -6-5  =  13-0  =  2x6-5   for  bromine. 

These  values  differ  but  slightly  from  those  obtained  by 
direct  experiment,  viz.  6*8  for  iodine  and  6*7  for  bromine. 

In  a  similar  manner,  the  specific  heat  of  lead  chloride, 
found  by  Eegnault  to  be  0*0644,  may  be  used  to  determine 
that  of  chlorine.  An  atom  or  206-4  parts  by  weight  of  lead 
yield  277-1  parts  by  weight  of  lead  chloride,  and  multiplying 
the  specific  heat  by  this  number  we  obtain  18-4  as  the  mole- 
cular heat  of  the  chloride  (277-1  x  0-0644).  Subtracting  from 
this  the  atomic  heat  of  lead,  we  then  obtain, 

18-4-6-5  =  11-9  =  2x5-95, 

2  X  5-95  as  the  specific  heat  of  70-7  parts  by  weight  of 
chlorine. 

Consequently  accepting  the  atomic  weight  of  chlorine  as 
35-37,  as  deduced  from  the  vapour  density  of  chlorine  com- 
pounds, then  its  atomic  heat  is  5-95,  or  very  nearly  6.  The 
specific  heats  of  other  chlorine  compounds  give  approximately 
the  same  number. 

Hence  it  follows  that  the  atomic  weight  of  chlorine, 
CI  =  35-37,  as  determined  by  the  aid  of  Avogadro's  law,  satis- 
fies the  conditions  of  the  law  of  Dulong  and  Petit. 

Calculations  of  this  character  have  often  been  apjjlied 
successfully.  In  fact,  Eegnault  has  obtained  by  this  means 
values  for  the  specific  heats  of  sodium,  potassium,  and  lithium 
from  those  of  then-  compounds,  which  his  later  determinations 
with  the  metals  themselves  served  to  confirm.  This  statement 
also  applies  to  magnesium  and  calcium ;  but  such  direct  con- 
firmation is  still  wanting  in  the  case  of  barium  and  strontium. 

For  such  calculations  of  the  specific  heat  of  an  element  it  is 

G 


82  MODERN  THEORIES  OF  CHEMISTRY 

not  absolutely  necessary  that  its  specie  heat  m  all  its  com- 
pounds should  be  known;  it  is  sufficient  to  determine  the 
changes  exhibited  by  the  specific  heat  of  a  compound  when 
the  element  of  unknown  specific  heat  is  replaced  by  one  the 
specific  heat  of  which  has  been  determined.  Thus,  for  ex- 
ample, the  interchange  of  lead  for  barium,  calcium,  or  stron- 
tium in  a  compound  does  not  affect  its  molecular  heat.  From 
this  it  follows  that  the  amounts  of  these  metals  which  replace 
one  another  possess  the  same  specific  heats,  and  therefore  the 
amounts  of  these  three  Hght  metals,  which  can  so  replace  an 
atom  or  206'4  parts  by  weight  of  lead,  represent  the  atoms  of 
these  metals. 

In  illustration  of  this  statement  the  following  instances 
may  be  cited  :  (1)  266-25  parts  by  weight  of  cerussite  contam 
206-4  parts  by  weight  of  lead,  combined  with  11-97  of  carbon 
and  47-88  of  oxygen  ;  (2)  99-75  parts  by  weight  of  arragonite 
or  calc  spar  contain  the  same  amounts  of  these  latter  elements 
combined  with  39-9  parts  of  calcium;  (3)  147-05  parts  by 
weight  of  strontianite  contain  them  united  with  87-2  parts  of 
strontium ;  and  finally  they  occur  in  196-75  parts  by  weight 
of  witherite  united  with  136-9  parts  of  barium.    These  quan- 
tities when  multiplied  by  the  specific  heats  '  of  the  compounds 
which  they  represent,  give  approximately  the  same  product, 
hence  the  molecular  heats  of  these  compounds  are  almost 
identical,  as  shown  by  the  following  numbers  : 

Calc  spar,  or  arragonite  99-75  x  0-206  =  20-6 
Strontianite  .  •  147-05  x  0-145  =  21-3 
Witherite  .  .  •  196-75x0-109  =  21-4 
Cerussite    .       .       •  266-25  x  0-080  =  21-3 

Without  a  knowledge  of  the  specific  heats  of  the  other 
constituents  of  these  compounds  we  may  conclude  from  the 
above  result  that  the  quantities  of  calcium,  strontmm,  barmm, 
and  lead  which  replace  one  another  possess  the  same  specific 
heat.  Further,  just  as  206-4  parts  by  weight  of  lead  represent 
an  atom  possessing  the  normal  atomic  heat  of  6,  so  do  the 
above  quantities  of  calcium,  strontium  and  barium,  represent 

'  These  values  for  the  specific  heats  are  the  means  of  the  determinations  of 
Neumann,  Eegnault,  and  Kopp.    Vide  Kopp  {loc.  cit.  29d). 
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atoms  of  these  elements.  This  conchision  has  been  confirmed 
in  the  case  of  calcium  by  Bunsen's  direct  determination  of  its 
specific  heat. 

Li  this  manner  the  atomic  weights  of  a  number  of  ele- 
ments may  be  determined.  The  accuracy  of  the  results 
increases  with  the  number  of  compounds  from  which  such 
deductions  have  been  made.  Of  atomic  weights  calculated  in 
this  manner  the  following  are  in  all  probabihty  the  most 
accurate.  (These  numbers  are  corrected,  as  before,  from  the 
best  analytical  determinations.) 

Chlorme,  CI    =  35-37 


Titanium,  Ti  =  48-0 
Chromium,  Cr=  52*45 


Eubidium,  Eb  =  85-2 
Strontium,  Sr  =  87-2 
Barium,  Ba     =  136-86 


These  quantities  of  each  of  these  elements  possess  a  specific 
heat  of  6  in  their  compounds,  and  therefore  obey  the  law  of 
Dulong  and  Petit.  In  the  case  of  chlorine,  titanium,  and 
chromium,  moreover,  the  atomic  weights  so  obtained  agree 
with  those  deduced  from  the  vapour  density  of  some  of  their 
compounds. 

This  method  of  deducmg  the  atomic  heat,  and  consequently 
atomic  weight,  of  an  element  from  the  specific  heat  of  its  com- 
poimds,  is  only  rehable  when  the  number  of  atoms  contained  in 
the  compounds  is  small,  and,  further,  when  all  the  elements 
obey  the  law  of  Dulong  and  Petit.    Should  this  not  be  the  case 
the  results  obtained  are  untrustworthy.    The  author,  ^  for  ex- 
ample, obtained  the  atomic  weight  180  for  uranium  from  the 
specific  heat  of  uranous  oxide,  whereas  J.  Donath  ^  obtains  the 
value  120  from  the  specific  heat  of  urano-uranic  oxide.  Both 
of  these  values  are  m  all  probability  incorrect,  for  the  atomic 
heat  of  the  elements  cannot  be  deduced  with  certainty  from  the 
specific  heat  of  their  oxides  mitil  the  influence  of  temperature 
on  these  specific  heats  has  been  ascertained  within  very  wide 
limits. 

§  43.  The  deductions  made  from  the  laws  of  Avogadro 
and  of  Dulong  and  Petit  do  not  agree  in  the  case  of  all 
elements.    If  this  were  so  in  all  cases,  and  the  atoms  of  all 

'  Lieb.  Ann.  1870  ;  Suppl.-Bd.  vii.  363. 
Ber.  deut.  chevi.  Ges.  1879,  742. 
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elements  retained  in  their  compounds  the  specific  heats  re- 
quired by  the  law  of  Dulong  and  Petit,  then  the  quotient 
obtained  by  dividing  the  molecular  heat  of  a  compound  by  the 
number  of'  elements  contained  in  it  should  be  very  nearly  6, 
which  represents  according  to  this  law  the  specific  heat  of  an 
atom. 

The  observations  made  at  temperatures  between  0°  and 
100°  give  this  number  as  quotient,  at  all  events,  for  compomids 
of  those  elements  which  obey  the  law  of  Dulong  and  Petit  in 
the  free  state.    The  quotients  are  smaller  than  6  in  the  case 
of  the  compounds  of  those  elements  such  as  boron,  beryllium, 
carbon,  and  sihcon,  which  do  not  obey  this  law  at  temperatures 
below  100°,  and  also  for  the  compounds  of  elements  such  as 
phosphorus,  sulphur,  aluminium,  and  magnesium,  which  in 
the  free  state  do  not  exactly  conform  to  this  law.  Similar 
deviations  are  exhibited  by  the  compounds  of  some  of  those 
elements,  the  specific  heats  of  which,  in  a  sohd  state,  it  has 
hitherto  proved  impossible  to  determine  ;  the  atomic  weights 
of  these  elements  have,  however,  been  determined  by  the  aid 
of  Avogadro's  law.    Special  illustrations  of  this  exceptional 
behaviour  are  afforded  by  the  elements  oxygen,  hydrogen, 
nitrogen,  and  fluorine.  Many  suggestions  have  been  made  with 
a  view  to  explain  these  deviations.    H.  Schroder,'  in  1840, 
stated  that  the  capacity  for  heat  of  a  compound  must  repre- 
sent the  sum  of  the  capacities  of  its  constituents,  but  con- 
sidered it  was  necessary  in  addition  to  accept  the  conclusion 
that  the  atomic  heat  of  one  and  the  same  element  could  vary 
in  different  compounds,  and  may  be  specially  influenced  by 
the  state  of  condensation  in  which  the  atom  occurs.  H.  Kopp^ 
afterwards  concluded,  from  a  large  series  of  observations, 
that  the  specific  heat  of  an  atom  remains  approximately  the 
same,  whether  the  atom  is  contained  in  a  simple  or  compound 
body,  BO  long  as  the  substance  is  solid  and  the  temperature  of 
observation  is  sufficiently  below  that  of  its  melting-point. 
Starting  from  this  conclusion,  he  calculated  the  atomic 

'  Pogcj.  Ann.  1.  553. 

^  hoc.  cit.  cxxvi.  368  ;  Suppl.-Bd.  iii.  314,  &c.  Ibid.  §§  82-89,  290-298,  and 
in  §§  103-110,  will  be  found  a  complete  summary,  as  far  as  the  year  1865,  of  the 
reliable  conclusions  from  experiments  Upon  the  specific  heat  of  elements  and 
compounds. 
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heats  of  elements,  the  specific  heats  of  which  in  the  isolated 
state  had  not  been  determined.  These  values  were  obtained 
by  deducting  from  the  capacities  for  heat  of  their  compounds 
the  capacities  of  those  elements  contamed  in  them,  the  specific 
heats  of  which  had  been  determined  directly.' 

In  this  way  the  following  numbers  were  obtained  : 

Atomic  weights        Atomic  heats 

Hydrogen,  H  =   1-0  .       2-3  (nearly) 

Oxygen,  0  =  15-96  .  4-0 

Fluorine,  F  =  19-1  .  5-0 

Nitrogen,  N  =  14-01  from  5  to  5-5 

Kopp  2  leaves  it  an  open  question  whether  nitrogen  obeys 
the  law  entirely  or  only  approximately.  Inasmuch  as  the 
nitrates  having  the  formula  ENO3  (in  which  E  represents  a 
metal  for  which  the  law  holds  true)  exhibit  a  much  smaller 
molecular  heat  than  the  chlorates  ECIO3,  metaphosphates 
EPO3,  and  metaarsenates  EAsOj ;  further,  the  molecular  heats 
of  such  nitrates  is  not  much  greater  than  those  of  the  car- 
bonates ECO3,  0^  silicates  ESiOg.  Hence  it  appears  that 
the  atomic  heat  of  nitrogen  can  scarcely  be  greater,  but  is 
probably  less  than  that  of  phosphorus. 

Kopp  has  also  calculated,  from  the  molecular  heats  of  their 
compomids,  the  atomic  heats  of  the  following  elements,  and 
has  thus  obtamed  numbers  which  agree  well  with  those 
obtained  for  the  element  in  the  free  state  at  0-100° : 

Atomic  weights       Atomic  heats 

Boron,  B  =  10-9  .  2-7  (nearly) 

Carbon,  C  =  11-97  .  1-8 

Silicon,  Si  =  28-0  .  4-0 

Phosphorus,  P  =  30-96  .  5.4 

Sulphur,  S  =  31-98  .  5-4 

The  molecular  heats  of  the  compounds  of  aluminium, 
magnesium,  and  beryllium  are  smaller  than  those  of  the  cor- 
responding compounds  of  other  metals ;  a  fact  which  is  in 
accord  with  the  small  atomic  heats  of  these  metals. 

The  specific  heats  of  the  majority  of  compounds  hitherto 
investigated  agi-ee  well  with  those  deduced  by  the  aid  of 

'  Loc.  cit.  321.  2  Loc.  cit.  323. 
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Kopp's  hypotheses.'  In  some  cases,  however,  the  calculated 
and  experimental  numbers  differ  to  such  an  extent  that  the 
deviations  cannot  be  regarded  as  due  to  experimental  errors. 

Since  Weber  has  shown  that  the  specific  heats  of  boron, 
carbon,  and  silicon  are  greatly  influenced  by  the  temperature, 
and  Nilson  and  Pettersson  have  proved  the  same  for  berylhum, 
it  is  probable  that  the  specific  heats  of  some  of  the  above- 
mentioned  elements  may  be  similarly  influenced. 

Further,  the  allotropic  modifications  of  an  element,  e.g. 
diamond  and  graphite,  have  been  shown  to  possess  different 
specific  heats;  and  it  may  therefore  be  assumed  that  the 
specific  heat  of  an  element,  and  the  influence  of  temperatm-e 
upon  it,  will  vary  in  different  compounds.  Hence  the  atomic 
heats  accepted  by  Kopp  must  be  regarded  as  the  means  only, 
from  which  the  real  values,  in  some  cases  at  least,  may  differ 
considerably.  It  is  not  improbable  that  these  observed  devia- 
tions may,  as  suggested  by  Schroder,  be  related  to  the  density 
of  the  compounds ;  observations  hitherto  made  do  not,  how- 
ever, suffice  for  the  solution  of  this  question. 

§  44.  All  those  elements  possessing  a  smaller  atomic  heat 
than  the  majority,  although  they  differ  in  other  properties, 
have  one  property  in  common,  viz.  the  possession  of  a  small 
atomic  weight.  In  the  case  of  those  elements  exhibiting 
marked  deviations  from  the  majority,  their  atomic  weights 
are  less  than  that  of  fluorine  (19),  and  the  atomic  weights  of 
those  elements  which  approximate  more  closely  to  the  general 
law  are  not  greater  than  that  of  chlorine  (35-37).  On  the 
other  hand,  it  appears  that  all  elements  the  atomic  weights  of 
which  are  greater  than  35-37,  have  between  0°  and  100°  atomic 
heats  of  at  least  six  units.  To  this,  however,  sodium  and 
lithium  are  exceptions,  for  although  their  atomic  weights 
are  small  yet  their  atomic  heats  are,^  in  all  probability,  some- 

•  Loc.  cit.  330. 

2  Compare  Pape's  criticism,  Fogg.  Ann.  1863,  cxx.  579.  It  is  worthy  of 
note  that,  according  to  Eegnault's  own  determinations,  the  molecular  heats  of 
the  compounds  of  Kthium  are  less  than  those  of  the  corresponding  sodium  com- 
pounds, and  these  again  less  than  those  of  potassium.  Hence  the  atomic  heats 
of  lithium  and  sodium  should  be  less  tlian  those  found  by  Eegnault ;  these 
differences  would  not,  however,  be  sufficient  to  influence  their  subservience  to 
the  law  of  Dulong  and  Petit. 
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\Yhat  larger  than  6.  The  three  other  metals,  viz.  beryllium, 
magnesium,  and  aluminium,  with  atomic  weights  less  than 
35,  have  both  in  the  free  state  and  in  their  compomids  atomic 
heats  smaller  than  those  possessed  by  the  majority  of  the 
elements.' 

But  those  elements  with  small  atomic  weights,  to  which 
the  law  of  Dulong  and  Petit  applies  only  approximately  or 
not  at  all,  between  0°  and  100°  C,  belong  to  a  large 
extent  to  the  elements  which  pre-eminently  form  gaseous 
or  easily  volatile  compounds,  and  hence  their  atomic 
weights  may  be  determined  by  the  aid  of  Avogadro's  law. 
In  this  way  both  methods  supplement  each  other  most  satis- 
factorily. 

The  atomic  weights  deduced  from  the  determinations  of 
the  specific  heats  at  temperatures  below  100°  may  be  without 
hesitation  accepted  for  all  elements  possessing  large  atomic 
weights  and  consequently  relatively  small  specific  heats. 
Further,  the  atomic  weights  determined  by  this  method  may 
also  be  accepted  m  the  case  of  those  metals  which  have  been 
shown  to  obey  the  law  of  Dulong  and  Petit  at  temperatures 
below  100°.  The  atomic  weights  determined  in  this  manner, 
in  the  case  of  some  metals  and  of  the  metalloids  with  large 
atomic  weights,  agree,  as  has  been  shown  already,  with  the 
values  deduced  from  the  determmation  of,  the  vapour  density 
of  their  compounds. 

The  conclusion  drawn  from  the  determination  of  the  specific 
heat  withm  narrow  limits  of  temperature  is,  as  a  rule,  un- 
trustworthy in  the  case  of  elements  with  small  atomic  weights, 
and  consequently  relatively  large  specific  heats.  In  cases 
where  Avogadro's  law  affords  no  clue  for  the  determination 
of  the  atomic  weight,  it  is  necessary  that  the  influence  of 
temperature  on  the  specific  heats  of  these  elements  should  be 
investigated  ;  and  only  those  values  of  the  specific  heat  which 
are  almost  identical  within  a  wide  range  of  temperatures 
should  be  used  in  fixmg  the  atomic  weight. 

'  Eegnault  in  his  early  investigations  observed  that,  in  the  cases  of  analo- 
gous and  especially  of  isomorphous  compounds,  the  molecular  heat  is  higher 
the  greater  the  molecular  weight.  Vide  Ann.  Chem.  PJiys.  [3],  1841,  i.  198  • 
1813,  ix.  3dl. 
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This  rule  is  entirely  empirical  and  cannot  at  present  be 
explained  on  theoretical  grounds.  This  fact  does  not,  however, 
prevent  it  being  used  ;  since,  in  the  matter  of  specific  heats, 
we  are  at  present  entirely  de^oendent  upon  experience,  which 
has  often  brought  and  may  still  continue  to  bring  to  light 
facts  in  direct  contradiction  to  our  theoretical  views,  and  thus 
necessitate  changes  in  our  theories. 

§  45.  A  comparison  of  the  atomic  weights  determined  by 
the  aid  of  the  law  of  Dulong  and  Petit  with  those  which  have 
been  obtained  by  the  application  of  Avogadro's  law,  shows 
that  there  is  a  complete  agreement  in  the  results  of  the  two 
methods  in  the  case  of  all  elements  the  specific  heats  of  which 
have  been  determined  in  the  elementary  and  solid  state.  The 
atomic  heats  of  hydrogen  and  oxygen  (accepting  the  atomic 
weights  deduced  from  their  densities),  calculated  from  the 
molecular  heats  of  their  compounds,  are  much  smaller  than 
required  by  the  law  of  Dulong  and  Petit.  This  may  probably 
arise  from  the  specific  heats  of  these  elements,  at  temperatures 
below  100°,  being  influenced  by  temperature,  in  a  similar 
manner  to  those  of  boron,  carbon,  beryllium,  and  silicon. 
The  atomic  heats  of  all  other  elements  hitherto  investigated 
are  about  six  units,  when  the  atomic  weights  used  are 
those  which  have  been  determined  by  the  aid  of  Avogadro's 
law. 

The  following  table  contains  all  those  elements  the  atomic 
weights  of  which  have  been  determined  by  these  two  methods. 
The  first  column  contains  the  names  of  the  elements  ;  the 
second  gives  the  atomic  weights  arranged  according  to  their 
numerical  values,  the  atomic  weight  of  hydrogen  being  taken 
as  unit.  The  sign  Av  attached  to  the  atomic  weights  indicates 
that  the  two  methods  give  the  same  value  for  the  atomic 
weights.  The  sign  (Av)  indicates  that  the  smallest  quantity 
of  an  element  found  in  the  molecule  is  a  multiple  of  the 
atomic  weight.  The  third  column  contains  the  mean  of  the 
values  found  for  the  specific  heats,  and  in  the  fourth  column 
the  atomic  heats  are  given.  In  those  cases  where  the  atomic 
heats  have  not  been  determined  directly,  but  by  calculation 
from  the  specific  heat  of  the  compounds,  the  resulting  numbers 
are  placed  in  brackets. 
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Atomic  Weights  and  Atomic  Heats. 


II. 

Atomic  Weigbta 

III. 
Spec.  Ht. 

IV. 
Atom.  Ht. 

TTvm  I'nfypTi 

■LJ.j'  LLX  U^Cll              •                •                •  • 

H  : 

=  I 

Av. 

(2-3) 

(2-3) 

Tiit.liiimi 

Li  : 

=  7-01 

0-941 

6-6 

J-rO J.  Y  J.i.J.  LLXl-L               •                  •                  •  > 

Be  : 

=  9-1 

0-58 

5-3 

Boron  ..... 

B  : 

=  10-9 

Av. 

0-5  ? 

5-5 

Carbon 

v^cvx  Jk/wxx  ..... 

C  = 

=  11-97 

Av. 

0-46 

5-5 

Nitrogen  .... 

N  : 

=  11-01 

Av. 

(0-36) 

(5) 

vy^jQCiA  ..... 

0  : 

=  15-90 

Av. 

(0-25) 

(4) 

Fluorine  .... 

F  : 

=  19-06 

Av. 

(0-26) 

(5) 

Sodium  .... 

Na: 

=  22-99 

0-29 

6-7 

Magnesium  .... 

Mg: 

=  23-94 

0-25 

6-0 

Aluminium  .... 

Al  = 

=  27-0 

(Av.) 

0-21 

5-5 

Silicon  ..... 

Si  = 

=  28 

Av. 

0-16 

5-7 

Phosphorus  .... 

P  = 

=  30-96 

Av. 

0-17 

5-8 

Siilnhnr 

S  = 

=  31-98 

Av. 

0-16 

5-1 

Chlorine  .... 

CI  = 

=  35-37 

Av. 

(0-18) 

(6-4) 

Potassium  .... 

K  = 

=  89-03 

0-17 

6-5 

Calcium  .... 

Ca  = 

=  39-9 

0-17 

6-8 

Titanium  .... 

Ti  : 

=  48 

Av. 

(0-13) 

(6-4) 

Vanadium  .... 

V  = 

=  51-1 

Av. 

? 

? 

Chromium  .... 

Or  = 

=  52-4 

Av. 

(0-12") 

(6-4) 

Manganese  .... 

Mn  = 

=  54-8 

0-12 

6-7 

Iron  ..... 

Fe  = 

=  55-9  (Av.) 

0-11 

6-3 

Nickel  

Ni  = 

=  58-6 

0-11 

6-4 

Cobalt  

Co  = 

=  58-6 

0-11 

0-4 

Copper  ..... 

Cu  = 

=  63-2  (Av.) 

0-094 

6-1 

Zinc  ..... 

Zn  = 

=  64-9 

Av. 

0-094 

6-1 

Gallium  .... 

Ga  = 

=  69-9 

0-079 

5-5 

Arsenic  .       .       .       .  . 

As  = 

=  74-9 

Av. 

0-081 

6-1 

Selenium  .... 

Se  = 

=  78-9 

Av. 

0-075 

5-8 

Bromine  .... 

Br  = 

=  79-76 

Av. 

0-084 

6-7 

Rubidium  .... 

Rb  = 

=  85-2 

/0-077^ 

(6-41 

Strontium  .... 

Sr  = 

=  87-2 

(0-074) 

6-4 

Zirconium  .... 

Zr  = 

=  90-4 

Av. 

0-066 

fi-0 

Niobium  .... 

Nb  = 

=  94 

Av. 

? 

Molybdenum  .... 

Mo  = 

=  95-9 

Av. 

0-072 

0-9 

Ruthenium  .... 

Ru  = 

=  103-5 

0-061 

fi-3 

Rhodium  .... 

Rh  = 

=  104-1 

0-058 

fi-0 

Palladium  .... 

Pd  = 

=  106-2 

\j  o 

Silver 

As  = 

=  107-66 

0  u 

Cadminm 

C«\-LXLXX  UXXX                ...  a 

Cd  = 

=  111-7 

Av. 

U  (to  1 

u  o 

Indium  .... 

In  = 

=  113-4 

u  o 

Tin       .       .       .       .  ] 

Sn  = 

=  117-4 

Av. 

yj  uoo 

Q  O 

Antimony  .... 

Sb  = 

=  120 

Av. 

yj  yjo± 

U  J. 

Tellurium 

Te  = 

=  126-3 

Av. 

fi-0 

Iodine  ..... 

I  = 

=  126-53 

Av. 

0-054 

6-8 

Barium  ..... 

Ba  = 

=  136-86 

(0-047) 

(6-4) 

Lanthanum  .... 

La  = 

=  138-5 

0-045 

6-2 

Didymium  .... 

Di  = 

=  145 

0-046 

6-6 

Cerium  

Ce  = 

=  141 

0-645 

6-3 

Tantalum  .... 

Ta  = 

=  182 

Av. 

? 

? 

Tungsten  .... 

W  = 

=  184 

Av. 

0-033 

6-1 

Iiidium  

Ir  = 

=  192-5 

0-083 

0-3 

Platinum  .... 

Pt  = 

=  194-8 

0-033 

6-3 

Gold  

An  : 

=  196-2 

0-082 

6-4 
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Atomic  Weights  and  Atomic  Heats — continued. 


I. 

II. 

ni. 

IV. 

Element 

Atomic  Weights 

Spec.  Ht. 

Atom.  Ht. 

Osmium  .... 

Os 

=  195 

Av. 

0-031 

GO 

Mercury  .... 

Hg 

=  199-8 

Av. 

0-032 

6-3 

Thallium  .... 

Tl 

=  203-7 

Av. 

0034 

6-8 

Lead  ..... 

Pb 

=  206-4 

Av. 

0-031 

6-5 

Bismuth  .... 

Bi 

=  207-5 

Av. 

0-031 

6-3 

Thorium  .... 

Th 

=  232 

0-028 

6-4 

Uranium  .... 

U 

=  240 

Av. 

0-028 

6-6 

An  account  is  given  in  this  table  of  nearly  all  the  known 
elements,  but  the  following  are  omitted :  the  metals  contained 
in  gadolinite,  and  also  caesium,  scandium,  norwegium,  and 
some  other  newly  discovered  bodies  the  elementary  nature  of 
which  is  still  doubtful.  The  physical  and  chemical  nature 
of  caesium,  together  with  its  resemblance  to  potassium  and 
rubidium,  show  that  its  atomic  weight  has  been  correctly  de- 
termined, viz.  Cs  =  132-7.  Further,  the  atomic  weight,  44, 
assigned  to  scandium,  a  metal  analogous  to  aluminium,  is 
in  all  probability  correct.  The  atomic  weights  of  the  other 
elements  mentioned  above  cannot  yet  be  regarded  as  fixed. 

§  46.  A  remarkable  relationship  is  exhibited  by  the  specific 
heats  of  elements  in  the  soHd  state,  and  their  specific  heats 
in  the  gaseous  state  at  constant  volume.  This  is  shown  in  the 
following  table,  in  the  case  of  some  few  elements  the  specific 
and  atomic  heats  of  which  have  been  determined  in  the  solid 
and  gaseous  states.  The  numbers  representing  the  specific 
heats  of  the  gases  at  constant  volume  are  those  calculated  by 
Clausius.'  The  specific  heat  of  mercury  in  the  state  of  vapour 
at  constant  volume  has  been  calculated  by  the  author,  by 
multiplying  its  specific  heat  =  0-1027  (Kundt  and  Warburg)  ^ 
by  its  vapour  density,  viz.  6-98. 

This  table  shows  that,  with  the  exception  of  hydrogen  and 
oxygen,  which  do  not  obey  the  law  of  Dulong  and  Petit,  the 
elements  possess,  in  the  solid  state,  specific  or  atomic  heats 

1  Ann.  Chem.  Pharm.  1861,  cxviii.  118.  These  values  will  be  found  to  be 
slightly  higher  if  those  numbers  are  used  which,  according  to  Eontgen  {Pogg. 
Ann.  1873,  cxlviii.  603)  express  the  relationship  between  the  specific  heat  for 
constant  pressure  to  that  for  constant  volume. 

*  Pogg.  Ann.  1876,  chni.  368. 
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Solid 

Gfiseous 

Ratio 

c 

A.  c 

c 

A.  c 

Hydrogen  . 

2-3 

2-3 

2-41 

2-4 

1  .:  1 

Oxygen 

0-25 

40 

0-156 

2-5 

1-6  :  1 

Nitrogen  . 

0-36 

5-0 

0-173 

2-4 

2   : 1 

Clilorine  . 

0-18 

6-4 

0093 

3-3 

2   : 1 

Bromine  . 

0-084 

6-7 

0-042 

3-4 

2   :  1 

Mercury 

0032 

6-4 

0-015 

3-0 

2   :  1 

t^\'ice  as  great  as  their  specific  or  atomic  heats  in  the  gaseous 
state.  It  is  not  at  present  apparent  why  this  should  be  the 
case,  yet  it  can  scarcely  be  considered  as  due  to  chance. 

Should  it  be  found  that  the  specific  heats  of  hydrogen  and 
oxygen,  in  their  solid  compounds,  vary  with  the  temperature 
in  a  manner  similar  to  that  of  carbon,  then  it  is  highly 
probable  that  their  specific  heats  at  high  temperatures  will 
exhibit  this  same  relationship. 

Futile  attempts  have  been  repeatedly  made  to  show  that 
the  specific  heats  of  gaseous  compounds  are  subservient  to 
law,  just  as  those  of  solid  bodies  are  subservient  to  the  laws 
of  Dulong  and  Petit,  and  to  the  extension  of  Neumann's  law 
proposed  by  Eegnault  and  Kopp.  The  futility  of  these  attempts 
is  not  surprising,  inasmuch  as  the  specific  heats  of  some 
gases  vary  considerably  with  the  temperature,  whilst  m  other 
cases  temperature  has  no  apparent  influence.^ 

§  47.  The  agreement  exhibited  in  the  majority  of  cases  by 
the  atomic  weights  deduced  from  two  such  different  properties, 
viz.  from  the  vapour  density  and  the  specific  heat,  shows  that 
these  values  must  be  strictly  analogous.  And  therefore  these 
values  possess,  for  chemical  statics,  a  real  and  not  imaginary 
signification. 

These  atomic  weights  will  always  retain  this  signification, 
whether  the  future  may  or  may  not  show  them  capable  of 
further  simplification.  The  extent  of  their  importance  cannot 
at  present  be  fully  realised ;  but  from  a  more  thorough  con- 
sideration it  is  seen  that  these  two  properties,  used  to  deter- 
mine the  atomic  weights,  are  nearly  related  to  one  another, 
inasmuch  as  a  close  analogy  is  seen  to  exist  between  the  mole- 

'  Eegnault,  Relation  des  Exi^dr.  ii.  128  and  162 ;  Eilhardt  Wiedemann,  Pogg. 
Ann.  1870,  clvii.  1. 
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cular  "weights  determined  by  the  aid  of  Avogadro's  hypothesis 
and  the  atomic  weights  determined  by  the  aid  of  the  hypo- 
theses of  Dulong  and  Petit. 

It  has  been  aheady  pomted  out  (§  14)  that  the  present 
kinetic  theory  of  gases,  based  upon  Avogadro's  hypothesis, 
shows  that  the  molecular  weights  J^t,  and  JWig  of  ^-^^y  two 
gases,  under  the  same  conditions  of  temperature  and  pressure, 
are  related  as  follows  : 

Hence,  according  to  Avogadro's  hypothesis,  the  molecules  may 
be  defined  as  those  particles  of  matter  the  kinetic  energy  due 
to  the  rectilinear  motion  of  which  is,  under  the  same  condi- 
tions of  temperature  and  pressure,  the  same  for  all  gases, 
and  is  affected  alike  for  equal  increments  of  temperature. 

Similarly  the  thermal  atoms  may  be  defined  as  those 
units  of  mass  which  in  the  solid  state  require  the  same 
amount  of  heat,  or  to  which  equal  amounts  of  energy  must 
be  imparted,  in  order  to  raise  their  temperature  through  an 
equal  number  of  degrees. 

Thus  a  remarkable  analogy  is  established  between  the 
molecular  weights,  deduced  by  Avogadro's  hypothesis  from 
the  properties  of  matter  in  the  gaseous  state,  and  the  atomic 
weights  determined  by  the  law  of  Dulong  and  Petit  from  a 
property  of  matter  in  the  sohd  state.  This  analogy  is,  with- 
out doubt,  due  to  the  fact  that  these  values,  determined  by 
such  apparently  different  methods,  represent  those  particles 
of  matter  which  possess  a  motion  of  a  fixed  and  independent 
character.  In  the  case  of  the  molecules  of  a  gas  this  motion 
is  rectilinear,  and  is  the  origin  of  the  pressure  exerted  by 
gases  ;  whereas,  in  the  case  of  solids,  although  the  motion  is 
probably  similar,  yet  the  path  which  an  atom  can  traverse, 
before  and  after  coUision  with  a  neighbouring  atom,  is  much 
more  limited. 

§  48.  This  conception,  however,  leaves  some  difficulties  to 
be  removed,  e.g.  it  does  not  explain  how  it  is  that  some  ele- 
ments possess  a  small  atomic  heat  at  low  temperatures.  If 
these  elements  possessed  small  atomic  heats  in  the  isolated 
state  only,  and  not  in  their  compounds  also,  then  such  excep- 
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tions  to  the  law  might  be  explamed  by  the  supposition  that 
the  molecules  of  these  elements  consist  of  several  atoms, 
united  closely  and  immovably  to  one  another,  performing  a 
similar  part  to  that  played  in  the  case  of  other  elements  by 
the  single  and  independently  moving  atoms.  This  explana- 
tion cannot,  however,  be  accepted,  since  these  elements 
possess  a  low  specific  heat  even  in  those  of  their  compounds 
which  can  only  contain  one  of  their  atoms. 

Prior  to  our  knowledge  of  the  influence  of  temperature 
upon  the  specific  heats  of  these  elements,  H.  Kopp  proposed 
a  hj^pothesis  to  explain  these  remarkable  exceptions.  The 
apparent  anomaly  in  the  behaviour  of,  in  other  respects 
analogous  substances,  was  compared  with  similar  differences 
m  the  properties  of  compound  bodies;  and  thus  the  diffi- 
culties were  to  some  extent  apparently  removed.  Kopp,  re- 
vivmg  the  doubts  often  expressed  as  to  the  simplicity  of  the 
elementary  atoms,  supposes  them  to  be  in  reality  composed 
of  atoms  of  a  still  higher  order,  although  they  have  as  yet 
resisted  attempts  to  decompose  them.  Further,  that  the 
atoms  of  those  elements  possessing  small  specific  heats 
contam  a  smaller  number  of  such  atoms  than  the  atoms  of 
those  elements  which  have  a  high  specific  heat.  Thus  the 
atom  of  carbon  or  sihcon  should  be  related  to  that  of  tin 
in  the  same  manner  that  potassium  is  to  ammonium;  for 
in  accordance  with  other  analogies,  the  compounds  of  ammo- 
nium should  possess  larger  molecular  heats  than  those  of 
potassium. 

The  discovery  of  the  variation  of  the  specific  heat  of 
carbon  and  of  other  elements  with  the  temperature  necessi- 
tates some  alteration  m  this  hypothesis  of  Kojap's.  This  end 
would  be  attained  by  supposing  that  elementary  atoms  are 
composed  of  still  smaller  parts,  which  we  may  style  particles, 
and  that  at  low  temperatures  the  motion  of  these  particles  is 
that  of  a  single  system ;  at  higher  temperatures  this  system 
is  resolved  into  others  containing  a  smaller  number  of  par- 
ticles ;  and  finally,  at  still  higher  temperatures,  this  resolu- 
tion takes  place  to  such  an  extent  that  each  particle  moves 
freely  and  independently.  Therefore,  according  to  this  hypo- 
thesis, at  temperatures  at  which  the  atoms  do  not  obey  the 
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law  of  Dulong  and  Petit,  the  particles  do  not  move  singly,  but 
in  groups  of  several  such  particles,  each  of  which  requires  the 
same  amount  of  heat  to  raise  its  temperature  through  one 
degree  as  is  required  by  the  single  particle  of  an  atom  sub- 
servient to  this  law.  For  example,  an  atom  of  carbon,  in  the 
form  of  diamond,  possessing  at  —50°  C.  an  atomic  heat  of  0-76, 
contains  half  the  number  of  groups  of  particles  which  it  con- 
tains at  27-7°,  at  which  temperature  its  atomic  heat  is  twice 
as  large,  viz.  1-52.  The  different  groups  are  not  of  necessity 
twice  as  large,  but  must,  on  an  average,  contain  twice  as 
many  particles  at  —50°  as  they  contain  at  -l-27-7°. 

§  49.  Viewed  in  this  light,  the  exceptions  to  the  law  of 
Dulong  and  Petit  form  a  parallel  to  the  instances  described  in 
§§  31-33  of  vapours  subject  to  dissociation.  For  example,  as 
the  vapour  of  the  so-called  amylene  hydrobromide  consists,  at 
temperatures  below  180°,  of  molecules  havmg  the  composition 
CgHiiBr  =  150-61;  and  above  300°,  of  two  species  of  mole- 
cules, viz.  C,H,o  =  69-85,  and  HBr  =  80-76,  and  between 
these  two  temperatures  of  all  three  species  of  molecules,  each 
possessing  its  own  independent  motion.  So,  in  accordance 
with  the  above  hypothesis,  carbon,  in  the  solid  state,  consists, 
at  a  very  low  temperature,  t°,  of  a  number  of  independently 
moving  particles,  having  a  mass  of  C  =  11-97.  At  a  higher 
temperature,  t°,  these  particles  are  resolved  into  smaller  ones 
having  a  mass  i  C  =  5-985  ;  and  at  t°  into  those  of  a  mass 
jL  Q  —  Q.QQ^  &c.  At  temperatures  between  t  °  and  t°  particles 
of  the  masses  C  and  ^  C  respectively  would  exist  side  by  side ; 
and  similarly,  at  temperatures  between  t°  and  t°,  the  masses 
of  the  particles  would  be  i  C  and  ^  C.  In  the  dissociated 
vapours  of  amylene  hydrobromide  each  molecule  possesses 
the  same  kinetic  energy  which  the  entire  molecule  itself 
would  have,  supposing  no  decomposition  to  have  taken  place. 
And  hence  a  decomposition  which  would  double  the  number 
of  molecules  must  increase  the  energy  to  the  same  extent. 
Hence,  in  order,  under  constant  pressure,  to  produce  an 
increase  in  temperature  of  1°,  each  molecule  will,  after  dis- 
sociation, require  as  great  an  increase  in  its  kinetic  energy, 
or  as  much  heat  transferred  to  it,  a^  was  required  before 
the  dissociation  had  taken  place.  And  consequently  the  whole 
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mass  of  the  gas  will  require  after  dissociation  twice  as  much 
heat  to  raise  its  temperature  through  1°  as  was  required  before, 
since  the  number  of  molecules  has  been  doubled  by  the  dis- 
sociation. Thus,  according  to  the  above  hypothesis,  in  order 
to  raise  the  temperature  of  carbon  through  1°,  after  the  de- 
composition of  its  so-called  atoms  into  twice  or  thrice  the 
number  of  particles,  the  energy  of  these  particles  must  be 
increased  to  twice  or  thrice  the  amounts  required  before  the 
decomposition.  Thus  the  observations  of  Weber  on  the  specific 
heat  of  carbon  are  to  some  extent  explained. 

Opposed  to  the  acceptance  of  this  explanation  is  the  fol- 
lowing weighty  consideration  :  Kundt  and  Warburg  conclude 
from  then-  experiments,  described  m  §  27,  that  there  is  no 
internal  motion  in  the  atom  of  mercury,  but  that  the  atom 
moves  as  a  single  soHd  mass.  This  is  probably  true  of  other 
elements. 
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IV. 

DETEBMINATION  OF  ATOMIC  WEIGHT  BY  MEANS  OF 

IS0M0BPEI8M. 

§  50.  Where  sufficient  observations  have  not  been  made  to 
permit  of  the  use  of  one  or  other  of  the  previously  mentioned 
methods,  a  thii'd  means  of  determining  the  atomic  weight  is 
found  in  the  law  of  isomorphism,  which  was  discovered  by 
E.  Mitscherlich  almost  contemporaneously  with  the  pro- 
mulgation of  the  law  of  specific  heat.  The  atomic  weight  of 
an  element  cannot  be  determined  by  the  preceding  methods 
unless  we  are  acquainted  with  one  of  its  compounds  in  the 
gaseous  state,  or  with  its  specific  heat.  But  if  this  element  is 
capable  of  replacing  another  (the  atomic  weight  of  which  has 
been  determined  by  either  of  the  above  methods)  in  any  com- 
pound, without  changing  the  crystahuie  form,  the  atomic 
weight  is  represented  by  that  quantity  which  can  so  replace 
an  atom  of  the  other  element  in  such  a  compound. 

These  mutually  replaceable  quantities  of  isomorphous 
elements  have,  in  numerous  cases,  been  shown  to  be,  as  a  rule, 
identical  with  the  atomic  weights  calculated  accordmg  to  the 
hypotheses  of  Avogadro  and  of  Dulong  and  Petit. 

It  has  been  frequently  observed  that  bodies  having  a  dif- 
ferent composition  often  exhibit  identical,  or  almost  identical, 

crystalline  forms. 

In  order  to  explain  this  iDhenomenon,  it  was  assumed  that 
certain  substances  possessed  the  property  of  compelling  other 
bodies  to  assume  then-  crystallhie  form  when  they  crystallised 
together  ;  they  were,  indeed,  supposed  to  be  capable  of  exert- 
ing this  influence,  even  when  they  were  present  in  very  small 
quantities.  Thus,  for  example,  the  numerous  carbonates 
occurring  in  nature  in  the  same  crystalline  form  as  calc  spar 
were  all  believed  to  owe  their  form  to  a  certain  quantity  of 
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calc  spar  which  they  were  supposed  to  contain.  But  calcium 
carbonate,  occurring  in  the  form  of  arragonite,  was  supposed 
to  contain  a  certain  amount  of  strontium  carbonate,  to  which 
its  form  was  due.  Hence,  although  calcium  carbonate  ap- 
peared to  have  the  power  of  imparting  its  crystalline  form  to 
the  carbonates  of  magnesium,  manganese,  iron,  and  zinc, 
strontium  carbonate  had  the  property  of  causing  calcium 
carbonate  to  assume  its  peculiar  crystalline  form. 

This  explanation  of  similar  crystalline  form  for  dissimilar 
composition  was  superseded  by  the  one  given  in  1819  by 
Eilhardt  MitscherHch,i  which  was  soon  generally  acknowledged 
to  be  correct. 

_  In  an  investigation  of  the  salts  of  phosphoric  and  arsenic 
acids,  Mitscherlich  found  that  those  salts  of  the  two  acids 
which  contain  the  same  number  of  atoms  in  the  molecule 
possess  identical,  or  very  similar,  crystalline  form.     In  order 
to  mvestigate  this  remarkable  relation  more  closely,  he  studied 
the  laws  and  methods  of  crystallography  ^  under  the  guidance 
of  his  friend,  G.  Eose,  and  found  that  the  corresponding 
salts  of  both  acids  have  identical,  and  not  merely  similar, 
crystalline  form.    He  pursued  this  discovery  further,  and 
showed  that  the  sulphates  of  different  metals,  e.g.  of  iron  and 
copper  (the  so-called  vitriols),  which  crystallise  in  different 
lorms,  contain  different  amomits  of  water  of  crystallisation, 
and  consequently  do  not  contain  the  same  number  of  atoms. 
But  when  these  salts  crystallise  together,  they  both  assume 
the  same  crystallme  form,  and  then  both  unite  with  the 
amount  of  water  of  crystallisation  corresponding  to  this  form. 
Hence  they  only  exhibit  identical  crystalline  form  when  they 
contam  an  equal  number  of  atoms. 

At  first  Mitscherhch  beheved  that  it  was  only  the  number, 
and  not  the  nature,  of  the  atoms  which  determmed  the 
crystalHne  form.  But  m  the  course  of  his  investigations, 
which  were  carried  out  in  the  laboratory  of  Berzelius,  he  soon 
found  that  the  nature  of  the  atoms  is  of  essential  importance. 
He  found  that  there  are  certain  groups  of  elements,  the 

•  Mhavdl.  d.  Berl.  Ahad.  Dec.  9,  1819  ;  Ann.  Chim.  Phys.  1820,  xiv  172 

^.//J  Y/'tT^r?''^"'''^"''  i'^^^^tigations  is  described  in 

^LLtsciirijt  a.  deutschcn  rjcologischen  Gesellsch.  1865,  G21. 
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members  of  which  can,  by  unitmg  with  the  same  number^  of 
atoms  of  one  or  more  other  elements,  form  compounds  having 
identical  crystalline  form.' 

Mitscherlich  called  the  elements  belonging  to  such  a  group 
isomorphous.  But  at  the  same  time  he  recognised  the  fact  that 
the  compounds  of  these  elements,  with  the  same  number  of 
atoms  of  other  elements,  need  not  necessarily  exhibit  similar 
crystalline  form,  except  when  there  is  a  similarity  in  the 
arrangement  of  the  atoms  in  the  compounds.   He  found  that, 
under  different  conditions,  sodium  hydrogen  phosphate  has 
the  power  of  assuming  two  different  crystalline  forms,  havmg 
the  same  composition ;  and,  arguing  from  analogy,  he  con- 
cluded that  the  difference  in  form  between  arragonite  and 
calc  spar,  formerly  ascribed  to  admixture  with  foreign  matter, 
was  in  reality  due  to  the  same  property.    Havuig  discovered 
numerous  other  instances  of  a  similar  character,  Mitscherlich 
proposed  to  describe  these  phenomena  by  the  terms  di-,  tri-, 
and  polymorphism.     In  1821  he  formulated  his  doctrine 
thus  :  ^  an  equal  number  of  atoms  similarly  combined  produces 
similarity  of  crystalline  form ;  similarity  of  crystalline  form 
is  mdependent  of  the  chemical  nature  of  the  atoms,  and  is 
only  determined  by  their  number  and  arrangement. 

The  chemical  nature  of  the  elements  influences  the  crys- 
talline form  merely  by  determining  the  number  and  the 
arrangement  of  the  atoms. 

§  51.  MitscherUch's  discovery  offered   a  very  valuable 
means  of  determining  the  number  of  atoms  united  to  form  a 
compound,  and  also  the  weight  of  each  individual  particle. 
Berzelius,  perceiving  at  once  the  true  value  of  this  great  dis- 
covery, made  use  of  isomorphism  in  determining  the  atomic 
weights,  and  placed  more  faith  in  these  numbers  than  m 
those  which  had  been  deduced  from  the  vapour  density  and 
specific  heat  determinations.    The  atomic  weights  of  most  of 
the  elements  were  determined  by  Berzelius  according  to  then- 
chemical  behaviour  and  analogies,  and  were  even,  to  a  certam 
extent,  chosen  arbitrarily,  in  such  a  way  that  the  quantities 
of  the  elements  which  could  replace  each  other  without  any 
'  Eongl.  Vetenskaps  Acad.  Handl.  ar  1821 ;  Ann.  CUm.  Phys.  1822,  xix.  350. 
-  Loc.  cit.  419. 
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alteration  in  crystalline  form,  represented  an  equal  number  of 
atoms.  In  certain  instances  where  this  was  not  the  case 
Berzelius  altered  his  views,  calling  those  compounds  isomor- 
phous  which  contained  an  equal  number  of  atoms  in  the 
molecule.  But  he  was  equally  unsuccessful  in  definitely 
settHng  the  atomic  weights  by  means  of  this  hypothesis  ;  in 
as  much  as  the  zealous  investigation  of  isomorphism  by 
MitscherHch,  and  afterwards  by  other  chemists,  compelled 
him  to  alter  once  more  the  atomic  weights  he  had  previously 
adopted.  Hence  it  appears  that  isomorphism  though  a  valu- 
able is  not  an  entirely  trustworthy  means  of  determining  the 
atomic  weight. 

§  52.  There  are  several  reasons  why  such  uncertainty  in 
the  conclusions  deduced  from  isomorphism  should  exist.  In 
the  first  place,  it  is  by  no  means  a  rare  occurrence  for  com- 
pounds to  exhibit  identical  crystalline  form  when  they  contain 
a  different  number  of  atoms.    A  definite  crystalline  form  is 
not  necessarHy  produced  by  a  similar  arrangement  of  the 
atoms.    It  is  generally  very  difBcult,  and  sometimes  almost 
impossible,  to  separate  those  cases  in  which  a  certain  form 
IS  produced  by  similar  arrangement  of  an  equal  number  of 
atoms  from  those  instances  in  which  the  similarity  in  number 
and  arrangement  is  not  accompanied  by  identity  of  crystalline 
form.    In  order  to  facihtate  this  separation,  the  property  of 
different  substances  to  crystaUise  together  (akeady  studied  by 
Mitscherhch)  has  been  taken  as  the  true  characteristic  of  iso- 
morphism, i.e.  identity  of  form  for  similar  atomic  arrangement. 

Those  substances  are  considered  to  be  isomorphous  which 
crystaUise  together,  and  enter  in  varying  quantities  as  con- 
stituents mto  the  composition  of  one  and  the  same  crystal 
ihis  limitation  of  the  notion  of  isomorphism  agrees  pretty 
closely  with  Kopp's '  view  that  bodies  should  only  be  regarded 
as  isomorphous  when  they  contain  a  similar  number  of  atoms 
and  having  simUar  crystaUine  form,  also  occupy  equal,  or  ap- 
proximately equal,  spaces,  or  have  equal  '  atomic,'  or,  more 
correctly  speaking,  molecular  volumes. 

sc/myf  GLllTT«r'  ^^^^^'""^  ^"^^^  si^ecifischcs  GewioJU,  HaUlilations- 
1870  8G8.  '  ™-  '^^'^ 
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But  these  conditions  are  fulfilled  by  many  substances  in 
the  molecules  of  which  the  existence  of  an  equal  number  of 
atoms  cannot  be  assumed.  There  are,  on  the  contrary,  a 
number  of  compounds  in  which  individual  atoms  of  certain 
elements  can  be  replaced  by  groups  of  several  atoms  without 
altering  the  crystalline  form  of  the  compound.  To  such  cases 
Th.  Scheerer  has  applied  the  term  polymeric  isomorphism. | 

The  salts  of  potassium  and  ammonium  offer  a  striking 
example  of  polymeric  isomorphism.  Mitscherlich  in  his  first 
treatise  ^  had  already  pointed  out  as  an  obvious  fact  that  the 
corresponding  potassium  and  ammonium  salts  of  the  same 
acid  exhibit  the  same  crystalline  form  when  the  ammonium 
salt  contains  *  two  proportions  of  water  of  crystaUisation.' 

But  since  MtscherHch  at  this  time  assumed  with  Berzelius 
the  presence  of  oxygen  in  nitrogen  and  in  ammonia,^  he  ex- 
pressed the  mutually  replaceable  isomorphous  quantities,  e.g. 
the  sulphates  of  both  bases  by  the  formulte  : 

KS,  and  2  NH,  SAq^  ' 
or  KO2.2S63  and  2NOH6.SO3.2H2O, 
which  contain  an  approximately  equal  number  of  atoms. 

But  later,  when  nitrogen  was  again  regarded  as  a  simple 
body,  and  when  Berzelius,  in  consequence  of  MitscherHch's  later 
researches  on  isomorphism  had  reduced  the  atomic  weights  of 
the  metals  to  half  their  former  value  and  had  introduced  am- 
monium as  the  analogue  of  potassium,  the  similarity  between 
the  two  formulae  increased,  viz.  KO.SO3  and  $fH40.S03. 

Now  that  the  atomic  weight  of  potassium  has  been  halved 
in  accordance  with  the  law  of  Dulong  and  Petit,  the  formula 
are  written  K.SO,  and  (NHJ,SO,.  But  even  in  this  case  two 
atoms  are  replaced  by  ten  without  altermg  the  crystalUne  form 

of  the  compound. 

If  in  these  and  many  other  cases  of  undoubted  isomor- 
phism, identity  of  crystalline  form  is  held  to  indicate  an  equal 

•  Handworterbuch  der  Chemia,  von  Liebig,  Poggendorff  und  Wohler  1849 
iv.  170,  Artikel '  Isomorphismus  polymerer,'  also  in  form  of  a  pamphlet  entitled 
'  Isomorphismus  und  polymerer  Isomorphismus,'  Braunschweig,  1850,  vide 
preface  and  p.  33.  Scheerer  has  undoubtedly  assumed  the  occun-ence  of  poly- 
meric isomorphism  in  far  too  many  cases  (see  Will's  Jahresbericht,  I860,  192), 
but  the  existence  of  the  phenomenon  cannot  be  denied. 
Ann.  Chim.  Plmjs.  xiv.  174. 
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number  of  atoms,  the  present  atom  of  potassium  must  be 
considered  to  be  composed  of  at  least  five  actual  atoms.  It  is 
true  that  this  is  possible,  but  it  is  by  no  means  probable. 

§  53.  A  second  circumstance  which  renders  the  atomic 
weights  deduced  from  isomorphism  uncertain  is  that  each  of 
these  conclusions  can  only  be  applied  to  a  limited  group  of 
elements  and  compounds.  A  comparison  is  therefore  only 
possible  within  these  limits. 

It  follows  from  Mitscherlich's  researches  on  the  phosphates 
and  arsenates,  that  phosphorus  and  arsenic  can  replace  each 
other  in  isomorphous  compounds  in  the  ratio  of  1  to  2-42  parts 
by  weight.  Hence  it  follows  that  P  :  As  =  1  :  2-42.  But  the 
relation  which  the  atomic  weight  of  either  of  these  elements 
bears  to  that  of  oxygen  or  of  hydrogen  cannot  be  determined 
by  isomorphism.  The  assumption  that  P  =  62  and  As  =  150 
fulfils  these  requirements  just  as  well  as  the  assumption  that 
P  =  31  and  As  =  75  ;  since  62  :  150  =  31  :  75  =  1  :  2'42. 

According  to  the  first  view  the  composition  of  the  anhy- 
drides would  be  represented  by  the  formulte  POg  and  AsOg,  ac- 
cording to  the  latter,  by  P^O^  and  As^O^.  The  question  has  been 
settled  in  favour  of  the  latter  view  by  the  laws  of  Avogadro  and 
of  Dulong  and  Petit.  Isomorphism  could  not  decide  the  point. 
Mitscherlich  successively  used  both  formula.  Similarly  the 
isomorphism  which  Mitscherlich  discovered  in  a  large  number 
of  metals  such  as  copper,  iron,  nickel,  cobalt,  manganese,  zuic, 
and  magnesium  can  be  explained  by  the  old  views  of  Berzelius, 
according  to  which  the  strongly  basic  oxides  of  these  metals 
are  composed  of  one  atom  of  metal  to  two  atoms  of  oxygen 
(Cu02,Fe02,Ni02,  &c.),  equally  as  well  as  they  can  by  the  more 
recent  views  in  accordance  with  which  these  oxides  are  repre- 
sented as  composed  of  one  atom  of  metal  and  one  atom  of 
oxygen  (CuO,FeO,NiO,  &c.) 

The  isomorphism  of  the  oxides,  spinelles,  and  alums  may 
be  just  as^clearly  explained  on  the  assumption  that  the  oxides 
of  aluminium,  chromium,  and  iron  are  composed  according  to 
the  old  formula  AIO3,  FeO„  and  CrO,,  as  by  those  at  present 
m  use,  viz.  M,0„  Fe,0„  and  Cv,fi,.  In  either  case  the  re- 
placement is  accomplished  by  equal  numbers  of  atoms.  When 
we  remember  that,  according  to  Avogadro's  law,  the  atomic 
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weight  of  chromium  cannot  be  larger  than  Cr  =  52-4 '  it 
follows  that  the  formulse  for  chromic  oxide  and  chrome  iron 
ore  will  be  Cr203  and  FeGi\0^  respectively,  and  it  also  follows 
that  the  formula  for  ferric  oxide,  alumina,  magnetic  iron  ore, 
spinelle,  &c.,  will  be  Fe^O.,,  Alfi^,  Fe^O,,  MgAl204,  &c. 

In  almost  cA^ery  group  of  elements,  it  is  possible  to  deduce 
several  atomic  weights,  each  of  which,  nevertheless,  may 
satisfy  the  laws  of  isomorphism.  It  is  only  when  the  atomic 
weight  of  one  of  the  isomorphous  elements  has  been  deter- 
mined by  another  method  that  isomorphism  is  of  use  in  deter- 
mining the  atomic  weights  of  the  other  members  of  the  groups. 

In  many  cases  a  comparison  between  two  groups  is  ren- 
dered possible  by  one  or  more  elements  belonging  to  several 
groups.  Chromium  and  manganese  are  valuable  examples  of 
this  fact.  Mitscherlich  discovered  that  these  two  metals  could 
not  only  mutually  replace  each  other,  and  also  a  large  num- 
ber of  other  metals,  such  as  iron,  cobalt,  nickel,  zinc,  &c.,  in 
many  of  their  isomorphous  compounds,  but  that  they  could 
both  replace  sulphur  and  selenium,  and  that  manganese  could 
also  replace  chlorine  in  their  isomorphous  compounds.  It  was 
the  isomorphism  of  the  chromates  and  manganates  with  the 
sulphates  and  selenates  which  induced  Berzehus  to  reduce 
the  atomic  weights  of  chromium  and  manganese  to  half  the 
vahies  formerly  accepted.^ 

This  change  was  at  once  welcomed.  But  the  isomorphism 
of  the  permanganates  and  perchlorates  did  not  induce  chemists 
to  alter  the  atomic  weights  of  manganese  and  chlorine  in  such 
a  way  that  the  isomorphism  should  appear  to  be  produced  by 
an  equal  number  of  atoms. 

On  the  contrary,  the  composition  of  potassium  perman- 
ganate and  perchlorate  has  for  many  years  been  represented 
by  several  chemists  by  the  formulse 

KOMn^O,  and  KOCIO,, 
whilst,  after  Mitscherlich' s  research,  Berzehus  always  ex- 
pressed their  composition  thus 

KOMnO^  and  KOeiO, 
or  KOMn^O,  and  KOCI2O,. 

I  gee  8  23.  ^  Berzelius,  Jahresber.  182G,  69. 
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Now  that  the  atomic  weight  of  potassium  has  agaiii  been 
halved,  in  order  that  it  may  obey  Dulong's  law,  these  salts  are 
represented  by  the  formulsB  KMnO^  and  KCIO4,  assuming  with 
BerzeHus  that  both  the  isomorphous  salts  contain  the  same 
number  of  atoms. 

§  54.  In  these  cases  the  views  of  BerzeHus  have  been 
universally  acknowledged,  and  the  atomic  weights  now  used 
for  Cu,  Cd,  Zn,  Ni,  Co,  Fe,  Mn,  Cr,  S,  Se,  and  CI  agree  with 
MitscherHch's  law  of  isomorphism,  but  in  other  cases  the 
influence  of  this  law  led  Berzelius  to  adopt  values  for  the 
atomic  weights  which  are,  according  to  our  present  views, 
enthely  incorrect. 

After  Eegnault  had  confirmed  the  determination  by  Dulong 
and  Petit  and  repeated  the  demand  that  the  atomic  weight  of 
silver  should  be  halved  in  order  that  it  might  follow  the  law 
of  specific  heat,  Berzelius  *  declined  to  accept  the  proposed 
change  on  account  of  the  isomorphism  of  the  silver  and  sodium 
compounds.  When  Eegnault  afterwards  succeeded  in  deter- 
mmmg  the  specific  heat  of  sodium  this  objection  proved  to  be 
illusory,  since  the  atomic  weight  of  sodium  had  also  to  be 
halved  in  order  that  it  might  follow  the  laws  of  Dulong  and 
Petit. 

The  sujDposed  isomorphism  of  garnet  and  magnetic  iron 
ore  led  Berzelius  to  fix  the  atomic  weight  of  silicon  in  such 
a  way  that  anhydrous  silicic  acid  was  represented  by  the 
formula  SiOg,^  whereas,  according  to  Avogadro's  law  and  the 
real  isomorphism  of  the  compounds  of  siHcon  with  those  of 
tin,  titanium,  and  zirconium,  the  atomic  weight  of  silicon  can 
only  be  two-thirds  of  the  value  accepted  by  Berzelius,  and  the 
formula  of  the  anhydrous  acid  Si02. 

As  Berzelius  occasionally  made  mistakes  in  his  deductions 
from  isomorphism,  it  is  not  surprising  that  other  chemists 
have  also  arrived  at  erroneous  conclusions.  Such  conclusions 
have  been  the  more  frequently  made  in  those  cases  in  which 
similar  crystallme  form  had  not  been  shown  to  be  due  to  a 
similarity  m  the  number  and  arrangement  of  the  atoms. 

According  to  Mitscherlich  ^  barium  permanganate  has  the 

'  Lehrb.  5.  Aufl.  iii.  1215.  -'  Ibid.  iii.  1204,  and  loc.  cit. 

^  Pogg.  Ann.  1832,  xxv.  301. 
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same  crystalline  form  as  anhydrous  sodium  sulphate  and 
selenate. 

The  composition  of  these  three  salts  is  at  present  expressed 
by  the  formulae 

BaMngOg,  Na2S04,  and  Na2Se04, 

which  do  not  contain  an  equal  number  of  atoms.  In  order  to 
attain  this  uniformity,  Clarke'  has  proposed  to  double  the 
atomic  weight  of  sodium  {i.e.  =  four  times  the  present  value) 
and  use  the  formulae 

BaMuaOg,  NaSgOg,  and  NaSeaOg. 

The  crystalline  form  of  these  compounds  is  at  the  present 
time  the  sole  ground  for  the  proposed  alteration  of  the  atomic 
weights.  Whether  the  identity  of  crystalline  form  has  its 
origin  in  a  hitherto  undiscovered  similarity  in  the  arrange- 
ment of  the  atoms,  or  is  merely  due  to  chance,  cannot  be 
decided  at  present. 

These  and  numerous  similar  cases  impart  an  element  of 
uncertainty  to  the  atomic  weights  deduced  from  isomorphism 
alone.  This  is  especially  the  case  since  Marignac  called 
attention  to  the  fact  that  equality  in  the  number  of  atoms 
in  a  molecule  is  not  absolutely  necessary  in  isomorphous 
compounds.^ 

He  considers  it  a  necessary  assumption  that  if  two  com- 
pound bodies  contain  the  same  elements  or  group  of  elements  as 
the  preponderating  common  constituent,  they  are  to  be  regarded 
as  isomorphous  only  when  the  other  elements,  to  whose  pre- 
sence the  difference  of  composition  is  due,  do  not  belong  to 
a  similar  or  isomorphous  group  of  elements. 

Marignac  has  moreover  shown  that  certain  groups  of 
atoms  can  replace  each  other  in  isomorphous  compounds 
even  when  the  individual  atoms  forming  these  groups  do 
not  usually  exhibit  isomorphism.  One  of  the  most  striking 
examples  of  this  kind  is  the  isomorphism  of  titanium  fluoride 
with  the  oxy-fluorides  of  niobium  and  tungsten.  Marignac's 

'  Lieb.  Ann.  1838,  xxvii.  167 ;  Kopp,  ibid.  1840,  xxxvi.  4. 
2  Lieb.  Ann.  1864,  cxxxii.  29. 
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research  '  shows  that  the  following  compounds  are  isomor- 
phous : 

K,TiF„H.,0,  K,NbOF„H,0,  and  K.WO^F^H.O, 

also 

CiiTiFg,  4H2O,  CuNbOFs,  4B.,0,  and  CuWO^F,,  4H2O. 

In  these  isomorphous  compounds  the  mutually  rej)laceable 
gi-oups  are  TiFa,  NbOF,  and  WO^;  but  isomorphism  between 
their  individual  constituents  has  not  been  observed.  The  iso- 
morphous replacement  of  Ti  by  Nb  and  W,  or  of  F  by  0,  is 
unknown.  Of  course  it  is  possible  that  such  an  occurrence 
may  be  observed  at  some  future  period,  although  it  is  not 
probable,  since  0  is  generally  replaced  by  Fg  and  not  by  F  in 
chemical  decompositions,  and  in  most  other  cases  0  is  equiva- 
lent to  F2  and  not  to  F. 

§  55.  This  extension  of  Mitscherlich's  law  of  isomorphism 
has  rendered  its  application  to  the  determination  of  atomic 
weights  much  less  trustworthy.  It  must  only  be  used  with  great 
caution  m  most  cases.  Nevertheless  isomorphism  still  retains 
a  position  of  great  importance  in  atomic  weight  determina- 
tions, but  the  form  in  which  its  influence  is  exerted  has 
undergone  a  material  change.  In  the  time  of  Berzelius  it  was 
decisive,  but  now  it  chiefly  serves,  on  the  one  hand,  the  purpose 
of  detecting  doubtful  and  incorrect  determinations  of  the 
atomic  weights  and  of  causing  their  redetermination  by  the 
laws  of  Avogadro  and  of  Dulong  and  Petit,  and,  on  the  other 
hand,  it  is  used  for  confirming  the  accuracy  of  the  atomic 
weights  which  have  been  determined  by  these  methods. 
Numerous  observations  have  clearly  proved  that  the  values  for 
the  atomic  weights  of  the  elements  deduced  from  the  vapour 
densities  of  compounds  or  from  the  specific  heats  of  the  ele- 
ments, obey  the  law  of  isomorphism  as  well,  and  frequently 
better,  than  any  values  for  the  atomic  weights  founded  on  other 
standpoints,  such  as  the  chemical  or  electrolytical  equivalents. 

A  large  number  of  cases  are  known  in  which,  when  atomic 
weights  were  used  which  did  not  obey  the  laws  of  Avogadro 
and  of  Dulong  and  Petit,  the  identity  of  crystalline  form 
observed  in  certain  compounds  could  not  formerly  be  ascribed 

'  Compt.  Rend.  Jan.  30,  18G5,  Ix.  234  ;  Will's  Jahresbericht,  1865,  198. 
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to  a  similarity  in  the  arrangement  and  number  of  atoms. 
The  similarity  in  constitution  at  once  becomes  apparent  on 
the  introduction  of  the  atomic  weights  at  present  in  use. 

Amongst  the  most  striking  examples  of  this  kind  is  the  iso- 
morphism of  chili  saltpetre  with  calc  spar,  and  of  nitre  with 
arragonite.  The  similarity  of  crystalline  form  appeared  to  be 
pm-ely  accidental  so  long  as  the  composition  of  these  bodies 
was  represented  by  Gmehn's  equivalent  weights  : 

.NaO.NOg  =  NaNOg  and  CaO.CO,  =  CaCOg 
KONO5  =  KNOe  and  CaO.COa  =  CaCOg. 
But  the  formulae  now  in  use  show  that  the  similarity  of  crys- 
talline form  depends  on  the  equal  number  of  atoms  contained 
in  the  molecules  :  ^ 

NaNOg  and  CaCOg,  KNO3  and  CaCOg. 
The  same  crystalline  form  also  occurs  in  the  red  silver 
ores,  AggAsSg  and  AggSbSg,  which  do  not  contain  the  same 
number  of  atoms  as  the  preceding  compounds. 

§  56.  An  undoubted  instance  of  identity  of  crystalHne 
form  without  the  correspondmg  analogous  composition  de- 
mands that  the  former  analytical  investigations  should  be 
submitted  to  further  proof. 

The  isomorphism  of  Eose's  so-called  *  Unterniob  '  fluoride 
with  the  corresponding  fluorides  of  titanium  and  tin  led 
Marignac  to  the  conclusion  that  Eose's  so-called  '  Unterniob  ' 
could  not  be  an  element  or  an  allotropic  form  of  niobium,  but 
that  in  all  probability  its  supposed  atomic  weight,  which  can 
replace  TiF  and  SnF  in  isomorphous  compounds,  must  be 
composed  of  an  atom  of  a  metallic  and  an  atom  of  a  non- 
metalhc  element.  Closer  investigation  proved  this  to  be  the 
fact,  and  showed  that  '  Unterniob '  is  composed  of  an  atom  of 
niobium  and  an  atom  of  oxygen.  The  group  NbO  is  therefore 
isomorphous  with  TiF  and  SnF,  in  accordance  with  Mitscher- 
hch's  law.2  Marignac's  determination  of  the  atomic  weight  of 
niobium  (Nb  =  94  when  H  =  1)  has  been  confirmed  by  the 

»  Schaffgotsch,  Fogg.  Ann.  1839,  xlviii.  335  ;  H.  Kopp,  Lieb.  Ann.  1863, 
cxxv.  372 ;  Marx,  Frankenheim,  and  S^narmont  (Compt.  Rend.  1854,  xxxjiii. 
105)  first  pointed  out  that  these  are  cases  of  real  isomorphism.  See  also  Ber. 
d.  deut.  chcm.  Ges.  1871,  53  and  104  ;  also  H.  Kopp,  ibid.  1879,  914. 

2  Compt.  Bend.  1865,  Ix.  234. ;  Licb.  Ann.  1865,  cxxxv.  49. 
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vapour  density  determination  of  the  chloride  NbClg  by  Deville 
and  Troost.' 

The  isomorphism  of  vanadinite  with  apatite,  pyromorphite, 
and  mimetisite,  which  formerly  could  not  be  regarded  as 
having  an  analogous  composition,  induced  Eoscoe  to  investigate 
the  compounds  of  vanadium  afresh  and  to  redetermine  its 
atomic  weight.  He  found  that  what  had  formerly  been  re- 
garded as  an  atom  of  vanadium  really  consisted  of  two  atoms 
of  vanadium  and  two  atoms  of  oxygen. ^  He  confirmed  this 
result  by  Avogadro's  law  by  determmmg  the  vapour  density  of 
the  oxychloride  VOC^  and  of  the  chloride  VCl^.^ 

After  the  alteration  in  the  atomic  weight,  these  isomor- 
phous  compounds  exhibit  analogous  composition  : 

PbJgO.^Cl  Ca,P30,,F  CagPgO.^Cl 

'  ^ — — ^ 

Vanadmite  Apatite 

Pb,P30„Cl  Pb,A830,,  CI 

Pyromorphite  Mimetisite 

Although  the  results  deduced  from  the  law  of  isomorphism 
appear  most  convincing,  both  in  these  and  many  other  cases, 
it  is  at  the  present  time  always  considered  necessary  to  con- 
firm the  atomic  weights  obtained  by  this  method  either  by  a 
determmation  of  the  atomic  heat  or  of  the  molecular  volume 
of  one  or  more  compounds  of  the  particular  element.  The 
atomic  weight  is  not  regarded  as  definitely  fixed  until  it  has 
received  this  confirmation. 

The  atomic  weight  of  an  element  can  only  be  determined 
with  certamty  by  the  law  of  isomorphism,  when  the  element 
forms  numerous  compounds  which  have  been  carefully  and 
accurately  analysed  and  which  exhibit  indisputable  isomor- 
phism with  compounds  of  another  element  the  atomic  weight 
of  which  has  been  definitely  fixed  by  Avogadro's  law  or  by  the 
law  of  Dulong  and  Petit.  Since  Marignac's  research  ^  on  the 
isomorphous  compounds  of  tantalum  and  niobium,  the  atomic 
weight  of  tantalum  has  been  taken  as  Ta  =  182,  correspond- 

'  CompL  Bend.  1865,  Ix.  1221 ;  Lich.  Ann.  1865,  cxxxvi.  249. 
^  Land.  PML  Trans.  1868,  1 ;  Lieb.  Ami.  1868 ;  Siippl.  vi.  77. 
'  Lieb.  Ann.  1868;  Suppl.  vi.  108.         *  Ibid.  1870 ;  Suppl.  vii.  75. 
*  Will's  Jahresber.  1866,  200. 
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ing  to  that  of  niobium  Nb  =  94,  although  the  specific  heat  of 
tantalum  is  unknown  and  the  vapour  density  determinations 
of  tantalum  chloride  by  Deville  and  Troost/  made  with  impure 
material,  do  not  correspond  with  that  value  for  the  atomic 
weight. 

Conclusions  of  this  kind  must  be  made  with  great  caution. 
The  supposed  isomorphism  between  the  sulphates  of  didymium 
and  cadmium  led  to  the  adoption  of  a  value  for  the  atomic 
weight  of  the  former  element  which  is  only  two-thirds  of 
the  value  deduced  from  the  specific  heat  observations.  But 
H.  Koipp  2  has  recently  pomted  out  that  this  is  not  in  reality 
a  case  of  isomorphism,  since  the  salts  do  not  crystalHse  to- 
gether. 

Although  in  the  present  state  of  our  knowledge  isomor- 
phism alone  is  not  as  a  rule  sufficient  for  fixing  the  atomic 
weight,  it  is  nevertheless  a  very  important  means  of  testing 
and  confirming  the  atomic  weights  which  have  been  deduced 
from  the  vapour  density  or  specific  heat  determinations.  In 
this  way  it  has  done  much  to  lead  to  their  general  adoption. 

The  values  determmed  for  the  atomic  weights  by  the  laws 
of  Avogadro  and  Dulong  and  Petit  agree  so  much  better  with 
the  laws  of  isomorphism  than  with  any  other  values  which 
have  ever  been  used,  that  these  laws  only  attained  their  full 
import  after  the  mtroduction  of  the  new  atomic  weights. 
Many  important  advances  in  our  knowledge  of  this  law  may 
now  be  expected  which  were  impossible  so  long  as  generally 
acknowledged  principles  for  the  determination  of  the  atomic 
weight  were  wanting. 

In  the  immediate  future,  at  all  events,  the  law  of  iso- 
morphism win  have  more  to  gain  from  the  present  methods 
of  atomic  weight  determination  than  the  latter  from  the  law 
of  isomorphism. 

'  WiU's  Jahresber.  1866,  203. 
Ber.  d.  deut.  chem.  Ges.  1879,  909. 
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THE  N A  TUBE  OF  CHEMICAL  ATOMS. 

§  57.  Although  the  knowledge  of  the  atomic  or  equivalent 
weights  was  indispensable  to  chemists  in  their  analytical  and 
stochiometrical  researches,  the  peculiar  nature  of  the  atoms 
rarely  formed  the  subject  of  their  investigations.  Chemists 
have  seldom  attempted  to  answer  or  discuss  the  question  of 
the  nature  of  'the  atoms  ;  they  have  generally  overlooked  or 
avoided  it.  Very  little  is  known  with  any  degree  of  certainty 
concerning  the  nature  of  the  atoms,  but  it  is  to  be  hoped  that 
the  beginnmg  which  has  actually  been  made  may  eventually 
lead  to  a  hypothesis  on  the  nature  of  the  atoms  capable  of 
accurately  explammg  the  results  of  experimental  observation. 

It  has  already  been  mentioned  in  §  3  that  the  atoms  are 
beyond  the  field  of  direct  observation  and  are  purely  hypo- 
thetical. But  the  atomic  hypothesis  has  aquired  a  high 
degree  of  probabihty  since  a  theoretical  explanation  of  a  large 
number  of  chemical  and  physical  phenomena  can  only  be 
given  with  its  aid. 

But  if  the  assumption  of  individual  isolated  particles  of 
matter  possessing  definite  and  unvarying  weights  forms  the 
indispensable  foundation  of  every  chemical  theory  and  of 
almost  every  physical  theory,  there  is  still  room  for  specula- 
tion concerning  the  properties  of  these  elementary  particles 
of  matter  or  atoms. 

It  is  not  disputed  that  the  atoms  must  of  necessity  possess 
weight,  but  for  a  long  time  it  was  beHeved  that  it  would  only 
be  possible  to  measure  their  relative  and  not  their  absolute 
weight.  Eecently  an  approximate  measurement  of  the  abso- 
lute weight  of  the  molecules,  and  therefore  also  of  the  atoms, 
has  been  made,  based  upon  measurements  of  the  space 
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occupied  by  these  smallest  iDarticles.  The  question  of  the 
space  they  occupy  has  been  frequently  discussed.  Dalton,' 
the  founder  of  our  chemical  atomic  theory,  definitely  ascribed 
to  his  atoms  dimensions,  just  as  the  representatives  of 
theoretical  physics  in  the  seventeenth  and  first  half  of  the 
eighteenth  century  generally  assumed  the  existence  of  very 
minute  particles  of  matter  as  the  basis  of  their  speculations 
and  hypotheses. 

In  more  recent  times  the  idea  is  occasionally  expressed 
more  or  less  distinctly  that  the  atoms  are  infinitely  small,  or 
it  is  expressly  stated  that  they  do  not  occupy  space,  but  are 
mere  centres  of  force,  i.e.  points  round  which  forces  or  move- 
ments are  directed.  This  idea  has  lost  all  support  in  con- 
sequence of  the  new  investigations  in  the  different  fields  of 
molecular  physics,  which  have  shown  that  the  molecules  at 
least  must  have  dimensions,  since  the  assumption  of  infinitely 
small  particles  leads  to  results  which  do  not  agree  with 
observed  facts. 

The  theoretical  investigation  of  the  most  varied  effects  of 
molecular  action  has  rendered  it  possible  to  arrive  at  an 
approximate  valuation  of  the  limits  within  which  the  dimen- 
sions of  the  molecules  of  different  bodies  must  He.  Some  time 
ago  Sir  WilHam  Thomson  collated  these  results  ^  in  a  popular 
lecture,  and  showed  that  the  conclusions  arrived  at  from  per- 
fectly distinct  investigations  exhibited  a  wonderful  amount  of 
agreement  which  strongly  increased  the  probability  of  their 
correctness. 

These  results  show  that  the  diameter  of  a  molecule  of  any 
substance  can  never  be  smaller  than  the  fifty-milHonth  part 
of  a  millimetre,  but  is  often  considerably  larger.  The  be- 
haviour and  properties  of  gases  and  vapours  furnish  different 
means  for  determining  the  size  of  thek  molecules.  The 
comparison  of  their  volumes  in  the  Hquid  and  gaseous 
state,  their  deviations  from  Boyle's  and  Marriotte's  law,  and 
their  frictional  constants,  permit  in  the  first  place  of  the 
determination  of  the  volume  occupied  by  all  the  particles 

•  Dalton's  New  System  of  Cliemical  Philosophy.  ron  ao 

2  Nature,  Marcli  31,  1870;  Amer.  Journ.  of  Science  and  Arts,  [2]  i.  6b; 
Licb.  Ann.  1871,  clvii.  54. 
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contained  in  a  given  volume.  The  volume  occupied  by  an 
individual  particle  can  next  be  ascertained,  then  the  number 
of  particles,  and  finally  the  weight  of  an  individual  particle 
can  be  approximately  calculated.^ 

In  this  way  it  is  shown  that  the  diameter  of  a  molecule  of 
those  substances  which  have  been  sufficiently  investigated  is 
generally  smaller  than  one-millionth  of  a  milHmetre,  but  is 
larger  than  the  ten-millionth.  Under  a  pressure  of  one 
atmosphere  and  at  the  mean  temperature  of  circa  20°,  1  cubic 
milHmetre  of  any  gaseous  substance  which  obeys  Avogadro's 
law  contams  about  21  trillions  of  molecules.  But  as  one  c.c. 
of  hydrogen  under  the  given  conditions  weighs  0-0835  miUi- 
gramme,  the  weight  of  a  molecule  of  hydrogen  must  be  = 

0-000,000,000,000,000,000,004 mgrm., 

or  a  quadrilHon  molecules  of  hydrogen  weigh  about  four 
grammes.  From  these  data  the  absolute  molecular  weight 
of  any  other  substance  which  obeys  Avogadro's  law  can  easily 
be  calculated. 

§  58.  The  weight  and  volume  of  the  atoms  cannot  be  directly 
determmed  from  the  weight  of  the  molecules,  as,  in  the  first 
place,  the  absolute  number  of  atoms  forming  the  molecules  is 
not  known,  and,  secondly,  it  is  not  known  whether  the  space 
taken  up  by  the  molecule  is  completely  filled  with  atoms  or 
whether  the  atoms  are  separated  from  each  other  by  inter- 
vening spaces. 

In  the  remarks  on  the  determuiation  of  molecular  weights 
(§  3)  the  number  of  atoms  united  to  form  a  molecule  was, 
indeed,  determined,  but  with  (§  22)  the  reservation  that  the 
actual  atomic  weight  might  possibly  be  a  simple  fraction 
of  the  value  obtained,  m  which  case  the  number  of  atoms 
in  a  molecule  would  be  a  multiple  of  the  number  found  ac- 
cording to  Avogadro's  law.  But  if  it  cannot  be  proved  with 
absolute  certainty  that  a  molecule  of  hydrochloric  acid  does, 
as  we  assume,  really  contain  one  atom  of  hydrogen  and  one 
atom  of  chlorine  and  not  two  or  three  atoms  of  each  element, 

'  For  detaUs  see  0.  E.  Meyer's  Kinetische  Theorie  der  Gase,  Abschnitt  iii 
'^Ueber^die  unmittelbaren  Eigenschaften  der  Molekeln,'  especially  paragraphs 
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it  may,  however,  be  assumed  that  a  molecule  of  hydrochloric 
acid  does  not  contain  fifty  or  a  hundred  simple  atoms. 

If  it  contained,  for  example,  fifty  atoms  of  hydrogen  and 
fifty  atoms  of  chlorine,  it  would  be  possible  for  one  or  more 
atoms  to  be  removed  from  this  number  without  destroying 
the  equilibrium  of  the  whole  system.  But  if  a  single  atom 
of  chlorine  was  missing  it  would  lower  the  proportion  by 
weight  of  the  two  constituents  from  1  :  35-47  to  1  :  34-69, 
an  alteration  which  would  he  beyond  the  hmit  of  error  of  a 
quantitative  estimation. 

In  an  extensive  research  on  the  atomic  weights  of  the 
elements,  Stas  '  has  submitted  the  question  whether  the  rela- 
tion between  the  chemical  constituents  in  compounds  is  con- 
stant or  variable,  to  a  special  proof. 

The  experimental  determinations  were  carried  out  with  the 
extraordinary  accuracy  pecuhar  to  Stas,  so  that  very  small 
fluctuations  in  the  atomic  weights  of  the  elements  would  have 
been  detected  if  they  ever  occurred.  For  example,  in  the  ex- 
periments for  ascertaining  the  ratio  of  the  atomic  weights  of 
iodine  and  silver  in  the  iodide  and  in  the  iodate,  a  variation 
of  one  hundred-thousandth  part  of  the  value  of  one  of  these 
numbers  could  not  have  escaped  detection.^ 

Since  no  variation  was  observed,  it  was  concluded  that  that 
proportion  does  not  vary  one  hundred-thousandth  of  its  value, 
and  it  is  probably  absolutely  constant.  This  constant  propor- 
tion in  which  both  substances  unite  would  scarcely  occm-  if 
the  number  of  combining  atoms  was  large. 

It  may  therefore  be  assumed  that  the  number  of  atoms 
united  to  form  a  molecule  is  not  very  large,  and  that  the  size 
of  the  atom  in  proportion  to  the  size  of  the  molecules  is 
not  excessively  small.  But  the  experiments  of  Kundt  and 
Warburg,  mentioned  in  §  27,  make  it  highly  probable  that 
the  molecular  weight  of  mercury  is  actually  equal  to  the 
atomic  weight  itself,  and  not  a  multiple  of  it ;  for  this  element, 
at  least,  the  atomic  weight  determined  accordmg  to  Avogadro  s 
law  and  that  of  Dulong  and  Petit,  forms  only  one  single  homo- 
geneous particle  of  matter.    It  is  highly  probable,  mdeed 

.  J.  S.  Stas,  Nouvelles  Becherches  sur  les  Proportions  Chimnt<^,  &c.  1. 
mMre.  27-108.  IZ,.d.  pp.  68-.7. 


PJSOUT'S  HYPOTHESIS  113 

almost  certain,  that  the  same  holds  true  for  all  other  atomic 
weights  determined  by  these  laws. 

The  number  of  atoms  contained  in  a  molecule  can  therefore 
be  regarded  as  identical  with  the  conclusions  drawn  from 
Avogadro's  law.    But  it  does  not  follow  that   the  space 
occupied  by  the  molecule  is  equal  to  the  siun  of  the  spaces 
occupied  by  the  atoms.  Smce  the  atoms  are  in  a  state  of  active 
motion,  it  IS  almost  certam  that  the  space  occupied  by  the 
molecule  is  not  completely  filled  by  the  atoms  ;  but,  on  the 
other  hand,  it  is  not  probable  that  the  space  which  the  atoms 
really  occupy  is  very  small  in  proportion  to  the  space  taken 
up  by  the  molecule.    It  may  therefore  be  concluded  that, 
although  the  space  occupied  by  an  atom  is  very  small  it  is 
not  mfinitely  small. 

.  J  .^l'  Aether  the  atoms  really  are  a'To/.oi,  i.e.  absolutely 
mdivisible  particles  of  matter,  whether  they  are  the  ultimate 
e  ements  mto  which  matter  can  be  decomposed,  is  a  question 
closely  connected  with  that  of  the  space  occupied  by  the  atoms. 
Ihis  problem  has  not  yet  been  definitely  settled,  but  there 
are  many  reasons  for  beheving  that,  although  the  atoms  are 
particles  of  a  lower  rank  than  the  molecules,  they  are  not  the 
ultimate  smallest  particles  of  matter.    It  is  probable  that 
just  as  those  masses  which  perceptibly  occupy  space  are  com- 
posed of  molecules,  and  molecules  or  particles  of  the  first 
order  are  composed  of  atoms  or  particles  of  the  second  order 
so  atoms  are  composed  of  particles  of  matter  of  a  third  and 
simpler  order.    This  view  is  supported  by  the  reflection  that 
1    atoms  are  michangeable  and  indivisible,  just  as  many 

diffeiei  t  foi-ms  of  primordial  matter  is  improbable ;  the  know- 

exhibited  by  the  atomic  weights  of  different  elements,  rendering 
his  all  he  more  unlikely.  Soon  after  Dalton's  atomic  theory 
had  met  with  general  recognition,  Prout,'  in  1815,  brouoht 
forward  the  view  that  the  primordial  matter  of  Uid  tl 
elements  are  composed  is  hydrogen,  and  consequently  the 
atomic  weights  of  all  the  other  elements  are  simpl'e  mJtiZ 

'  Annals  of  Philosophy,  by  Th.  Thomson,  vi.  321. 
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of  the  atomic  weight  of  this  primal  element.  This  view,  which 
was  supported  by  Th.  Thomson,  and  afterwards  by  Dumas, 
is  however  not  in  agreement  with  the  most  exact  quantitative 
determinations.  The  mvestigations  of  Turner,  Berzehus, 
Marignac,  and  Stas  have  shown  that  the  atomic  weights  of 
many  of  the  elements  are  nearly,  but  not  exactly,  simple  mul- 
tiples of  the  atomic  weight  of  hydrogen,  and  cannot  therefore 
be  expressed  by  whole  numbers  when  the  atomic  weight  of 
hydrogen  is  taken  as  the  miit,  nor  do  they  bear  a  simple 
relation  to  one  another.^ 

It  is  however  very  remarkable,  as  Marignac  has  pointed 
out,  that  a  large  majority  of  the  atomic  weights  are  almost 
exact  multiples  of  the  atomic  weight  of  hydrogen.    This  can 
hardly  be  purely  accidental.    It  is  possible  that  the  atoms  of 
all  or  many  of  the  elements  chiefly  consist  of  smaller  particles 
of  matter  of  one  distinct  primordial  form,  perhaps  hydrogen,  and 
that  the  weights  of  the  atoms  do  not  bear  a  simple  relation  to 
one  another  because  the  atoms  contain,  m  addition  to  the  par- 
ticles of  this  primordial  matter,  varying  quantities  of  the  matter 
which  fills  space  and  is  known  as  the  luminiferous  ether,  which 
is  perhaps  not  quite  devoid  of  weight.   This  appears  to  be  the 
only  permissible  hypothesis.    Its  extension  may  prove  of 
service  to  the  science  in  the  future,  although  this  can  hardly 
be  expected  at  present,  as  its  accuracy  has  neither  been 
proved  nor  disproved. 

§  60.  The  investigation  of  the  nature  and  possible  compo- 
sition of  atoms  must  first  of  all  be  directed  towards  increasing 
by  further  researches  the  material  for  speculation.  It  must 
then  be  submitted  to  criticism,  correctly  and  systematically 
arranged.  In  this  direction  a  promising  beginning  has  aheady 
been  made.  The  tolerably  exact  atomic  weight  determmations 
which  Berzehus  made  of  almost  all  the  known  elements  have 

>  For  the  history  of  Prout's  hypothesis  see  H.  Kopp,  GcschichU  dcr  Cliemic, 
ii  391-  J.  J.  Berzelius,  Lehrbuch  d.  Chemie,  5.  Aufl.  in.  1173;  J.  S.  btas, 
Recherches  sur  Us  Ba^orts  Biciproques  des  Poids  Atoin^ues,  Bruxel  es, 
1860,  pp.  6  and  131  (Bull.  Acad.  Roy.  Brux.  [2]  x.  No.  8);  NouveUes 
Becherches  sur  Us  Lois  des  Proportwns  Ghimiques,  &c.  1865  Introduction. 
(Mdvi.  Acad.  Boy.  BruxelUs,  xxxv.  1865) ;  also  Lieb.  Ann.  Suppl.-Bd  iv. 
168;  C.  Marignac,  Arch.  Sciences  Phys.  Nat.  I860,  ix.  101;  I860,  xxiv.  375; 
also  Lieb.  Ann.  Suppl.-Bd.  iv.  201. 
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been  carefully  corrected  and  replaced  by  more  accm-ate  values. 
In  the  fourth  decemiium  of  the  present  century  C.  Marignac 
attained  an  extraordinary  degree  of  accuracy  and  certainty  in 
his  systematic  and  comprehensive  quantitative  determinations 
and  more  recently  Stas  has  perfected  the  methods  of  deter- 
mmiug  atomic  weights  to  such  an  extent  that  the  values 
for  the  atomic  weights  of  a  whole  series  of  elements  have 
been  determmed  to  the  thousandth,  and  in  some  cases  to 
the  ten-thousandth  part  of  their  value.-    This  result  appears 
the  more  valuable  when  it  is  remembered  that  the  atomic 
weights  of  many  of  the  elements  which  have  not  yet  been  in- 
vestigated by  such  excellent  methods  obviously  contain  errors 
often  to  the  extent  of  the  hundredth  and  even  the  tenth  of 
their  value.2 

It  wiU  only  be  possible  to  determme  exactly  the  mutual 
relation  between  the  atomic  weights  of  the  different  elements 
to  discover  heh-  origmal  import,  and  to  gain  in  this  way  a 

t7Z  "'r^  n  ^^'^^  atomic 

weights  of  all  or  most  of  the  elements  have  been  determined" 
with  some  degree  of  accuracy. 

Although  at  present  the  determinations  of  these  relations 
are,  as  a  rule  merely  approximate,  and  are  deficient  in 
accm-acy,  nevertheless  they  deserve  the  most  careful  atten- 
vaTed  ti  l  investigations  in  this  unculti- 

l^lfes  oli     r  ■  ^^^^  ''^^^''^  that  the 

alues  of  the  atomic  weights  of  aUied  elements  bear  a  certain 

ide'r^  T"'-  ""^^ 

of  tW  Ho  T  fTr'^^'''-  "^^^y  S™P«  ^'^"^i^ting 
of  three  closely  allied  elements,  caUed  triads  by  Dobereiner^ 

mei:  oZ  T'';'  ^^^^-^^ 

mean  ol  the  other  two. 

t.J^"!  ^'Tl'^  1826  called  attention  in  hia 

r  *° °f  description  the  subject  has  been 
freqnently  discussed  by  different  chemists,  more  particulariy 

'  See  previous  note. 

Porjg.  Ann.  1829,  xv.  301 
^  3rd  edition,  182f3.  .  35  ;  4th  edition,  1842,  i.  52;  5th  edition,  1852,  i.  47. 
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by  Max  Pettenkofer,  J.  J.  Dumas,  P.  Kremers,  J.  H.  Glad- 
stone, J.  P.  Cooke,  Low,  W.  Odling,  E.  Lenssen,  J.  Mercer, 
M.  C.  Lea,  J.  A.  E.  Newlands,  Carnelley,  Crookes,  and  others.' 
The  question  also  of  the  compound  nature  of  the  atoms  has 
been  frequently  discussed.  In  fact,  this  view  becomes  ex- 
tremely probable,  since  the  atomic  weights  of  certam  groups  of 
closely  related  elements  exhibit  relations  to  each  other  similar 
to  those  found  to  exist  between  the  molecular  weights  of 
certain  series  of  analogous  organic  compounds. 
For  example : 


Atoms. 

Li  =  7-01 
Diff.  15-98 
Na  =  22-99 
Diff.  16-04 
K     -  39-03 


Molecii'o-5. 
Methyl  alcohol,  CHp  =  31-93 
CH,  =  13-97 
Ethyl  alcohol,  C,H„0'  =  45-90 
CH.,  =  13-97 
Propyl  alcohol,  C^H.O  =  59-87 


Kadicles. 
Methyl  =  CH3  =  14-97 
CH,  -  13-97 
Ethyl    =  C,H;  =  28-94 
CH,  =  13-97 
Propyl  =  C,H:  =  42-91 


It  may  be  easily  assumed  that  the  difference  of  the  atomic 
weights  of  these  metals  depends  on  a  difference  in  the  compo- 
sition of  their  so-called  atoms,  as  is  shown  above  to  be  the  case 
in  the  analogous  organic  compounds  or  radicles.  In  this  case 
the  atoms  will  not  be  indivisible  values,  but  compomids  of 
particles  of  a  simpler  order,  i.e.  compound  radicles. 

The  analogy  in  their  behaviour  with  that  of  the  acknow- 
ledged compound  radicles  could  be  easily  explained  on  this 
hypothesis. 

There  are  numerous  cases  of  similar  relations  between  the 
atomic  weights.  But  the  various  authors  who  have  worked 
on  this  subject  have  represented  these  relations  in  different 
ways,  especially  was  this  the  case  before  a  uniform  rule  had 
been  estabUshed  for  determining  atomic  weights,  and  when 
equivalent  and  atomic  weights  were  frequently  confused. 
Numerical  relations  were  sought  for  where  they  did  not  exist, 
and,  what  was  much  more  dangerous,  the  values  obtained  by 
experiment  were  frequently  altered  in  order  that  they  might 
exhibit  relations  not  warranted  by  direct  observation. 

Since  most  investigators  beheved  in  Prout's  hypothesis, 

»  The  literature  of  the  subject  is  given  in  the  JahresbericMe  ilber  d.  Fort- 
schr.  d.  Ghemie,  von  Liebig  u.  Kopp,  Kopp  u.  Will,  Will.  1851,  291,  292  ;  1852, 
294  :  1853,  312  ;  1854,  284,  285  ;  1857,  27-36  ;  1858,  13,  14  ;  1859,  1-7  ;  18b0, 
5  ;  1862,  7;  1863,  13;  1864,16;  1865,  17. 
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and  therefore  converted  the  atomic  weights  obtained  empiri- 
cally into  the  nearest  whole  number,  they  naturally  obtained 
as  the  difference  of  two  atomic  weights,  whole  numbers,  which 
were  frequently  multiples  of  8  or  8  itself. 

The  formula  generally  used  for  representing  these  relations 
was  A  =  a  +  7i.8,  in  which  A  =  the  atomic  weight  and  a  and 
n  smaU  whole  numbers.  It  has  not  yet  been  proved,  and  it  is 
mdeed,  very  improbable,  that  the  exact  values  of  the  atomic 
weights  can  be  represented  by  formula  of  this  description. 

§  61.  It  was  only  after  Cannizzaro  •  had  explained  the 
supposed  contradiction  between  the  law  of  Avogadro  and  that 
of  Dulong  and  Petit  by  pointmg  out  that  the  former  deter- 
mmed  the  molecular  and  the  latter  the  atomic  weight,  and 
after  he  had  attributed  to  both  rules  the  signification  4hich 
IS  now  generaUy  received  (see  §§  2  and  3),  that  the  rela- 
tions between  the  values  of  the  atomic  weights  acquired  a 
greater  uniformity,  and  permitted  a  systematic  tabulation  ^ 
of  all  the  elements  the  atomic  weights  of  which  were  known. 

This  system  is  based  on  the  notion  that  the  properties  and 
characters  of  the  elements  are  determined  by  the  magnitude  of 
then-  atomic  weights,  or,  to  express  it  mathematically,  the 
properties  are  functions  of  the  atomic  weights. 

If  the  atoms  are  arranged  in  a  simple  series,  merely  in 
the  order  of  their  atomic  weights,  ranging  from  the  lowest 
upwards,  theh-  properties  change  from  member  to  member 
but  recur  to  a  greater  or  lesser  extent  for  certain  differences 
m  the  value  of  the  atomic  weights.  No  analogue  of  hydro^^en 
the  first  member  of  the  series,  is  known.    But  the  charac- 
teristic properties  of  the  second  member,  hthium  (Li  =  7-01) 
recur  after  an  increase  of  16  units  in  the  atomic  weight  in  the 
ninth  member,  sodium  (Na  =  22-99),  and  again  after  a  similar 
increase  m  the  fifteenth  member,  potassium  (K  =  39-03) 

Eoughly  speaking,  there  is  a  difference  of  46  units  between 
the  atomic  weight  of  potassium' and  the  fourth  alkah  metal 
rubidium  (Eb  =  85-2),  and  again  a  difference  of  47  units 
between  the  atomic  weight  of  the  latter  and  that  of  caesium 
(Cs  -  132-7).    In  this  series  of  atomic  weights  a  metal  of  the 

'  Paragraph  xviii.  43,  and  xxxiv.  79,  loc.  cit. 
For  the  history  of  this  subject  see  Ber.  d.  deuU  chem.  Ges.  1880,  259. 
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alkaline  earths  is  associated  with  each  of  the  alkali  metals, 
e.g.  beryllium  (Be  =  9-1) '  with  lithium,  magnesium  (Mg 
=  23-94)  with  sodium,  calcium  (Ca  =  39-9)  with  potassium, 
strontium  (Sr  =  87-2)  with  rubidium,  and  finally  barium 
(Ba  =  136-9)  with  caesium.  The  atomic  weights  of  the  two 
groups  exhibit  almost  the  same  differences.  In  the  same  way 
the  metals  of  the  alkaline  earths  are  followed  by  other 
elements  which  also  resemble  each  other  and  exhibit  similar 
differences  in  their  atomic  weights. 

If  the  series  is  interrupted  at  corresponding  points,^  that 
is,  at  elements  of  a  sunilar  nature,  several  shorter  series  of 
analogous  construction  are  formed,  which  may  be  so  arranged 
that  the  elements  follow  each  other  in  the  order  of  their 
atomic  weights  in  the  horizontal  rows,  whilst  the  vertical  rows 
are  composed  of  members  of  the  natural  families. 

The  first  member  of  each  horizontal  row  is  directly  con- 
nected with  the  last  member  of  the  previous  one.   The  rows 
from  left  to  right  in  the  following  table  contain  the  elements 
(with  the  exception  of  H)  the  atomic  weights  of  which  have  been 
accurately  determmed,»  arranged  in  tlie  order  of  their  atomic 
weights  in  such  a  way  that  the  first  member  of  each  horizontal 
row  is  directly  connected  with  the  last  member  of  the  previous 
row.    If  this  table  is  rolled  round  an  upright  cylinder  so  that 
the  right  side  touches  the  left,  then  Ni  will  be  in  contact  with 
Cu,  Pd  with  Ag,  and  Ft  with  Au.    In  this  way  a  contmuous 
series  of  all  the  elements  in  the  order  of  their  atomic  weights 
is  easily  obtained  arranged  in  a  spiral  form.^    The  elements 
occurring  in  the  same  vertical  column  form  a  natural  family, 
but  the  members  of  the  group  are  not  all  equally  closely 

'  The  great  difficulty  of  separating  and  purifying  the  recently  discovered 
earthy  metals  renders  it  probable  that  many  of  them  will,  like  philippmm,  be 
proved  not  to  exist  (vide  Eoscoe,  Chem.  Soc.  Jour.  1882,  277) ;  they  have 
therefore  been  omitted  from  this  table.  ^      n  •  i 

Instead  of  this  simple  spiral  arrangement  of  the  elements,  which,  when 
placed  round  a  cylinder,  is  a  suitable  means  of  illustrating  this  relationship 
H  Baumhauer  has  published  another  plan  arranged  on  a  flat  surface  (Die 
Beziehungen  zwischen  clem  AtomgewicUe  und  der  Natur  der  che,mschm 
£;Zemen<e,  Braunschweig,  1879),  which,  however,  is  too  arbitmry  ^o  ^^'ltZ 
impartial  expression  of  the  facts.  The  graphic  representation  of  the  atomic 
weights  by  P.  Kremers  (Physicalisch-cJiemiscM  Untersvchungen,  Wiesbaden, 
1869-70)  is  still  more  artificial  and  difficult  to  understand. 
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related.  In  most  groups  of  eight  or  nine  members,  four  or 
five  of  the  elements  are  more  intimately  connected  together 
than  the  remaining  three  or  four,  which  however  again  closely 
resemble  each  other.  The  five  alkah  metals,  Li,  Na,  K,  Eb, 
and  Cs  m  the  first  column  bear  a  close  resemblance  to  each 
other,  whilst  the  three  heavy  metals,  Cu,  Ag,  and  Au,  which 
possess  similar  properties  in  many  respects,  only  resemble  the 
former  metals  in  certain  points,  namely,  in  the  isomorphism 
of  many  of  their  compounds,  and  in  their  power  of  replacing  a 
single  atom  of  hydrogen  m  forming  salts.  Similarly  the 
second  column  contains  two  groups,  viz.  the  alkaline  earths, 
Be,  Mg,  Ca,  Sr,  Ba,  and  the  heavy  metals,  Zn,  Cd,  Hg,  which 
only  possess  a  few  properties  in  common,  namely,  their 
divalence  and  the  isomorphism  of  many  of  their  compounds. 
And  in  the  same  way  each  of  the  remaining  columns  contains 
two  distinct  groups,  which  are,  however,  cpnnected  to  a 
certain  extent. 

In  order  to  bring  about  a  regular  system  some  spaces  must 
be  left  vacant  in  the  accompanying  table,  and  some  elements 
whose  atomic  weights  have  been  found  to  be  nearly  equal, 
and  cannot  be  regarded  as  having  been  accurately  determined, 
have  been  arranged  in  a  somewhat  different  order  from  that  of 
their  generally  received  atomic  weight,  viz.  tellurium  before 
iodme,  osmium  before  iridium,  platinum,  and  gold.  The 
reasons  for  this  rearrangement  will  be  discussed  in  §§  81,  82. 

§  62.  An  examination  of  each  horizontal  row  in  the  table 
exhibits  the  changes  in  the  properties  of  the  elements.  The 
changes  are  sometimes  abrupt  and  sometimes  gradual.  On 
closer  inspection  the  rules  and  laws  which  govern  the  change 
of  the  chemical  and  physical  properties  are  clearly  perceptible. 
Almost  all  the  properties  of  the  elements  are  closely  connected 
with  the  atomic  weights ;  they  are  periodic  functions  of  the 
values  of  the  atomic  weights.  One  of  the  few  properties  which 
has  been  accurately  determined  in  the  case  of  most  of  the 
elements  is  the  density  in  the  solid  state ;  and  this  property 
clearly  shows  itself  to  be  a  periodic  function  of  the 'atomic 
weight,  since  it  increases  and  decreases  regularly  with  an 
increase  in  the  atomic  weights.  This  connection  is  most  con- 
spicuous if  we  compare  the  ratio  between  the  atomic  wei^^hts^ 
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I. 

IT. 

III. 

i  V  . 

V. 

VI. 

VTT 
V  il. 

VIII. 

Li 
7-01 

Be 
9-08 

B 
10-9 

:5-98 

C 

14-86 

11-97 

N 
14-01 

Na 
22-99 

16-14 

0 
15-96 

Mg 

23-94 

10 

F 
19-06 

Al 

27-04 

16-95 

lf.-04 

Si' 
28 

16-02 

15-97 

P 

30-96 

16-31 

K 
39-03 

lG-93 

s 

31-98 

Ca 
39-91 

20 

CI 
35-37 

Sc 
43-97 

20-1 

24-15 

Ti 

48 

20-47 

24-97 

V 

51-1 

19-4 

Cu 
63-18 

25-9 

Cr 
52-45 

Zn 
64-88 

24 

Mn 
54-8 

Ga 
69-9 

23-8 

Fe 
55-88 

Co 
58-6 

Ni 
58-6 

22-0 

? 

72 

26-42 

22-4 

As 
74-9 

25-0 

Rb 
85-2 

19-7 

Se 
78-87 

Sr 
87-3 

18 

Br 
79-76 

?  Y 
89-6 

18-8 

22-6 

Zr 
90-4 

17-0 

24-4 

Nb 
93-7 

19 

Ag 
107-66 

23-8 

Mo 
95-9 

Cd 
111-7 

27-4 

? 

In 
113-4 

25-9 

Ru 
103-5 

Rh 
104-1 

Pd 
106-2 

26-0 

Sn 
117-35 

30-4 

25-2 

Sb 
119-6 

28 

Cs 
132-7 

25-1 

Te 
126-3 

Ba 
136-86 

23-8 

I 

126-54 

La 
138-5 

25 

32 

Ce 
141-2 

25 
? 

151 

33 

Di-' 
145 

25 

? 

165 

34-1 

? 

170 

35 

? 

152 

Yb 
172-6 

37 

Os 
195  ? 

Ir 
192-5 

Pt 
194-3 

31 

? 

176 

33 

30 

Ta 
182 

33 

Au' 
196-2 

31-1 

W 
183-6 

? 

185 

Hg 
199-8 

30 

Tl 
203-7 

26-5 

26 

Pb 
206-39 

26 

26 

Bi 
207-5 

26 

? 
222 

2G 

? 
210 

? 
226 

25-57 

0 
/ 

211 

? 

230 

26 

?  Th 
231-96 

30 

? 

234 

?  U 

239-8 

'  Thorpe  and  Young  {Chem.  Soc.  Joum.  1887)  find  the  atomic  weight  of 
silicon  to  be  28-83.  ^  Vide  note  7,  p.  123.  '  Vide  note  4,  p.  161. 
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and  the  densities,  instead  of  the  densities  themselves;  in 
other  words,  if  we  consider  the  volume  occupied  by  the  atomic 
weight  instead  of  the  weight  contained  in  the  unit  of  volume. 

At  present  this  space,  which  is  known  as  the  atomic 
vohime,  cannot  be  measured  absolutely,  but  a  relative  measure- 
ment may  be  made  by  taking  such  quantities  of  the  different 
elements  as  are  jDroportional  to  their  atomic  weights,  and 
comparing  the  space  occupied  by  these  quantities.  If,  as 
usual,  the  density  of  water  is  taken  as  unit  and  the  space 
occupied  by  the  unit  weight  of  water  be  the  unit  of  volume, 
then  the  values  of  the  atomic  volumes  are  represented  by  the 
quotient  of  the  atomic  weight  by  the  density  of  the  given 
element.  The  atomic  weight  of  lithium  =7-01,  the  density 
of  the  metal  compared  with  water  is  0-59  ;  the  atomic  volume 
7'01 

IS  therefore  V  =        =  11-9 ;  or,  expressed  in  the  metric 

system  of  weights  and  measures,  7-01  grammes  of  lithium 
occupy  a  space  of  11-9  cubic  centimetres. 

If  the  atomic  volumes  of  all  those  elements  the  atomic 
weights  of  which  have  been  determined,  and  of  which  the 
densities  in  the  solid  state  are  known,  are  calculated  by  a 
similar  method  by  comparing  these  volumes,  many  regulari- 
ties are  at  once  evident.  Similar  elements  frequently  have 
equal,  or  nearly  equal,  atomic  volumes.  Thus,  for  example, 
the  atomic  volumes  of  CI,  Br,  and  I  are  nearly  equal, 

V  =  26  approximately ;  V  =  7  for  Mn,  Fe,  Co,  and  Ni ;  for 
Eu,  Eh,  Pd,  Os,  Ir,  Pt,  V  =  9  ;  for  Ag  and  Au,  V  =  10.  In 
other  groups,  V  increases  with  the  atomic  weight.  Thus,  for 
example,  in  the  phosphorus  and  sulphur  families 

V  (P)  =  13-5  ;  V  (As)  =  13-2  ;  V  (Sb)  =  17-9  ;  V  (Bi)  =  21-1. 
V(S)  =  15-7;  V(Se)  =  17-1;  V  (Te)  =  20-2. 

This  increase,  with  an  increase  in  atomic  weight,  is  very 
marked  in  the  group  of  the  alkali  metals  ;  e.g. 

V  (Li)  =  11-9 ;  V  (Na)  =  23-7 ;  V  (K)  =  45-4  ;  V  (Eb)  =  56-1  ; 

V  (Cs)  =--  70-6. 

These  numbers  are  in  the  ratio  1:2:4:5:6. 

These  very  different  relations  do  not  appear  to  be  in  any 
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way  connected  with  Ccach  other  until  the  relation  between 
atomic  volume  and  atomic  weight  is  regarded  from  a  common 
standpoint,  when  the  atomic  volume  is  seen  to  be  a  function 
of  the  atomic  weight.^ 

A  remarkable  periodicity  is  exhibited  in  the  changes  which 
the  atomic  volume  undergoes  with  increasing  atomic  weight. 
In  a  series  of  the  elements  arranged  according  to  then- 
atomic  weights,  the  atomic  volume  periodically  increases  and 
decreases.  Its  maxima  occm-  with  the  alkaH  metals  Li,  Na, 
K,  Eb,  and  Cs ;  the  minima  occur  with  those  elements  the 
atomic  weights  of  which  lie  midway  between  two  alkali 
metals. 

The  table  on  the  next  page  contains  the  elements  arranged 
in  the  order  of  their  atomic  weights,  as  m  the  table  in  §  61. 
The  horizontal  rows  are  so  broken  up  that  the  elements 
having  the  maximum  atomic  volumes  are  found  in  the  first 
row.    The  less  known  metals  of  the  earths  are  omitted. 

Under  the  atomic  symbol  of  each  element  its  density  in 
the  solid  state,  D,  compared  with  water  as  unity  is  given,  and 
under  this  the  quotient  of  its  atomic  weight  by  its  density, 
viz.  its  atomic  volume.  It  is  easily  seen  that  both  these  values 
periodically  increase  and  decrease ;  the  first  two  horizontal 
rows  contain  a  whole  period  in  which  the  density  passes 
through  the  maximum  from  one  minimum  to  another.  After 
the  third  row,  each  period  embraces  two  rows,  the  density 
increases  and  the  atomic  volume  diminishes  in  the  first,  whilst 
in  the  following  columns  the  reverse  obtains. 

Possibly  another  row  ought  to  be  inserted  after  that 
beginning  with  Cs.  It  would,  if  the  atomic  weight  has 
been  correctly  determined,  contain  erbium  and  other  earthy 
metals. 

§  63.  The  relation  between  the  atomic  volume  and  atomic 
weight  is  still  more  clearly  depicted  by  the  graphic  representa- 
tion contained  in  the  article  by  the  author,  which  has  been 
previously  mentioned. 

In  fig.  1  of  the  table  found  at  the  end  of  this  book,  the 
elements  are  arranged  on  the  horizontal  axis  of  the  abscisste, 

I  Lothar  Meyer,  '  The  Nature  of  the  Chemical  Elements  as  Functions  of 
their  Atomic  Weights;  Lieb.  Ann.  1870  ;  Suppl.-Bd.  vii.  354. 
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Eklation  between  Atomic  Weight  and  Atomic  Volume. 


I. 

II. 

111. 

IV. 

V. 

VI. 

vu. 

vin. 

Li 

Be 

B  ' 

C  - 



N 

0 

P 

D 

0-59 

l-G-t 

2 -OS 

3-3 

•/ 

? 

? 

V 

11-9 

5-6 

4-0 

3-6 

? 

? 

? 

D 

Na 

Mg 

Al 

Si 

pa 

S  ■' 

CP 

0-97 

1-74 

2-C6 

2'49 

2-3 

2-04 

1-38 

V 

23-7 

13-8 

lOG 

11-2 



13-5 



15-7 

26-6 

D 

K 

Ca 

Sc 

Ti 

V 

Ci- 

Mn 

"Rp 
i  c 

Cn 

-Ll  1 

0-8G 

1-57 

? 

? 

5-5 

6-8 

8-0 

7-8 

8-5 

8-8 

V 

45-4 



25-4 



? 



? 

9-3 

7-7 

6-9 

7-2 

6-9 

6-7 

D 

Cu 

Zn 

Ga 

— 

As 

Se 

Br « 

7-15 

5-96 

5-67 

4-6 

2-97 

V 

7-2 

9-1 

11-7 

13-2 

17-1 

26-9 

D 

Kb 

Sr 

?  Y 

Zr 

Nb8 

Mo 

— 

Tfn 

X\rLl 

X  u 

1-52 

2-50 

? 

4-15 

6-27 

8-6 

12-26 

12-1 

11-5 

V 

56-1 

34-9 

? 

21-7 

15-0 

11-1 

8-4 

8-6 

9-2 

A  « 

Ag 

Cd 

T 

In 

CI 

Sn 

Sb 

Te 

I 

IU'5 

8-65 

7-42 

7-29 

6-7 

6-25 

4-94 

V 

10-2 

12-9 

15-3 

16-1 

17-9 

20-2 

25-6 

D 

Cs 

Ba 

La 

Ce 

Di ' 

1-88 

3-75 

6-2 

C-7 

6-5 

V 

70-6 

36-5 

22-3 

21-0 

22-3 

TV 

?  Yb 

—  ■ 

Ta^ 

W 

— 

Os 

Ir 

Pt 

V 

? 

10-8 

19-13 

22-48 

22-42 

21-50 

V 

? 

16-9 

9-6 

8-7" 

8-6 

9-1 

D 

Au 

Hg 

Tl 

Pb 

Bi 

19-3 

13-59 

11-86 

11-38 

9-82 

V 

10-2 

14-7 

18-1 

18-1 

21-1 

D 

Th 

U 

ii-i 

18-G9 

V 

20-9 

12-8 

at  distances  from  zero  proportional  to  their  atomic  weights. 
The  position  of  each  element  is  denoted  by  the  corresponding 
atomic  symbol,  and  from  each  of  these  points  an  ordinate  is 


'  Not  pure.  See  Hampe,  Licb.  Ann.  1876,  clxxxiii.  75. 

-  Diamond  :  for  graphite,  D  =  2-16,  V  =  5-58. 

»  Black,  crystaUine.  Rhombic  crystaUine. 

Density  of  liquid  chlorine.  «  Density  of  liquid  bromine  at  4°. 

'  According  to  recent  researches,  the  didymium  would  probably  be  impure. 
»  H.  Rose  determined  the  density  of  niobium  and  tantalum  from  impur 
material.    D  is  probably  too  low  and  V  too  high. 
"  Probably  only  8-5  if  Os  =  192. 
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drawn  which  is  proportionate  in  length  to  the  atomic  volume 
of  the  given  element.  A  curve  uniting  the  extremities  of 
these  ordinates  represents  the  variations  which  the  atomic 
volumes  undergo  for  increasing  atomic  weights.  But  since 
the  density,  and  consequently  the  atomic  volume,  of  a  large 
number  of  elements  is  not  known,  these  curves  cannot  be 
completed.  The  gaps  in  the  table  are,  however,  partly 
filled  up  by  dotted  lines  on  the  assumption,  which  is  ap- 
parently justified  by  the  complete  course  of  the  curves,  that 
the  curve  is  analogous  for  analogous  elements,  e.g.  the  curve 
from  C  through  N,  0,  F  to  Na  resembles  the  curve  from  Si 
through  P,  S,  CI  to  K;  further,  the  curve  from  Ca  to  V 
resembles  that  from  Sr  to  Nb,  &c.  On  these  hypotheti- 
cally  completed  curves  the  symbols  of  the  elements  are  printed 
in  written  characters  (X,  '/I  O .  J,  &c.),  elsewhere  in  thick 
italics  (jB,  r,  S,  CI).  The  large  gaps  between  didymium 
and  tantalum,  bismuth  and  uranium,  are  not  filled  up  for 
want  of  sufficient  data.  The  hypothetical  assumptions  for  the 
remaining  curves  are  justified  by  further  considerations.  The 
molecular  volumes  for  hydrogen,  oxygen,  and  nitrogen  in  the 
gaseous  state,  as  determined  by  means  of  transpiration  ^  and 
the  comparison  of  the  molecular  volumes  of  the  solid  com- 
pounds of  fluorine  and  titanium  with  the  molecular  volumes 
of  analogous  compounds,  show  that  the  elements  H,  N,  0,  Fl, 
and  Ti  have,  in  the  solid  state,  at  any  rate,  approximately  the 
atomic  volumes  which  are  ascribed  to  them  in  the  table. 
E.  Pictet  2  has  shown  that  liquid  oxygen  has  nearly  the  same 
density  as  water.  In  the  diagram  the  density  of  solid  oxygen 
is  represented  as  somewhat  greater  than  that  of  water.  Cailletet 
and  Hautefeuille  ^  have  calculated  the  density  of  oxygen,  nitro- 
gen, and  hydrogen  from  the  density  of  their  solutions  in  liquid 
carbonic  anhydride ;  they  make  the  density  of  these  bodies 
to  be  smaller,  and  consequently  the  atomic  volumes  become 
larger,  than  the  values  given  in  the  table.  Their  experiments 
show  these  values  to  be  greatly  influenced  by  temperature. 

'  Lich.  Ann.  1867,  Suppl.  v,  129. 

2  LicLtUf action  de  VOxyg&ne,  Geneve,  1878,  67  ;  also  J.  Offret,  Ann.  Chim. 
Phys.  1880,  xix.  271  ;  Wiecl.  Beibl.  1880,  iv.  417. 

3  Com2)t.  Bend.  1881,  xcii.  1086. 
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The  shape  of  the  curves  shows  that  the  space  occupied  by 
the  isolated  elements  in  the  solid  state  is  a  periodic  function 
of  their  atomic  weights.^ 

The  atomic  volumes  regularly  increase  and  diminish  with 
the  increasing  atomic  weights.  The  curve  which  represents 
these  changes  is  divided  by  five  maxima  into  six  sections,  which 
exhibit  the  form  of  a  series  of  chains  placed  in  a  row.  There 
is  a  strong  resemblance  between  the  second  and  third,  and 
also  the  fourth  and  fifth.  These  sections  correspond  to  almost 
equal  lengths  of  the  axis  of  the  abscissae. 

If  the  missing  portions  of  the  curve  between  didymium 
and  tantalum,  and  bismuth  and  thorium  were  completed  by 
sections  analogous  to  those  between  vanadium  and  niobium, 
and  between  arsenic  and  zirconium,  eight  sections  would  be 
formed.    The  first  and  last,  however,  only  form  half  a  curve. 

The  position  of  an  element  on  this  curve  is  closely  con- 
nected with  its  physical  and  chemical  properties,  so  that 
similar  elements  occupy  corresponding  positions  on  similar 
portions  of  the  curve.  It  is  not  very  remarkable  that  the 
maxima  of  the  curves  are  formed  by  light  metals,  and  the 
lowest  minmaa  by  heavy  metals,  since  it  has  long  been  known 
that  the  former  have  very  large  and  the  latter  very  small 
atomic  volumes.  But  it  is  very  remarkable  that  elements 
with  similar  atomic  volumes  exhibit  very  different  properties, 
depending  as  to  whether  their  position  is  on  a  rising  or  falling- 
branch  of  the  curve,  which  position  is  determined  by  the  given 
element  having  a  larger  or  smaller  atomic  volume  than  the 
element  with  the  next  larger  atomic  weight.  P  and  Mg,  CI  and 
Ca,  Nb  and  In,  Mo  and  Cd  are  examples  of  the  truth  of  this 

'  The  space  occupied  by  elements  in  compounds  is  also  undoubtedly  a 
function  of  their  atomic  weight,  but  the  nature  of  this  function  cannot  at  pre- 
sent be  generaUy  stated.    Although  our  knowledge  of  the  space  occupied  by 
the  different  atoms  in  a  molecule  is  uncertain,  we  may,  however,  assume  with 
tolerable  accuracy  that  the  difference  between  the  space  occupied  by  different 
elements  is,  as  a  rule,  smaUer  in  compounds  than  in  the  isolated  condition 
For  example,  the  oxides  of  the  light  metals  occupy  a  smaller,  and  the  oxides  of 
the  heavy  metals  a  larger  space  than  the  quantity  of  metal  contained  in  them 
There  is  a  much  smaller  difference  between  the  volumes  of  the  oxides  of  the 
light  metals  than  there  is  between  the  atomic  volumes  of  the  metals  themselves 
In  the  heavy  metals  the  difference  between  the  volumes  of  the  oxides  is  often 
the  same  as  the  difference  between  the  volumes  of  the  metals  themselves 
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proposition.    The  difference  in  the  properties  and  character 
of  the  elements  is  partly  indicated  in  the  table. 

§  64.  Only  those  elements  exhibit  the  property  of  mallea- 
bility which  lie  in  a  maximmn  or  minimmn  of  the  curve,  or 
immediately  follow  a  maximum  or  minimum.  The  light 
malleable  metals  occupy  the  points  of  maxima  and  the  con- 
tiguous portions  of  the  descending  curves  (Li,  Be ;  Na,  Mg, 
Al ;  K,  Ca;  Eb,  Sr;  Cs,  Ba).  The  heavy  malleable  metals 
are  found  in  the  lowest  points  of  sections  IV.,  Y.,  VI.,  and 
VII.,  and  in  the  adjacent  sections  of  the  ascending  curves  (Fe, 
Co,  Ni,  Cu,  Zn ;  Eh,  Pd,  Ag,  Cd,  In,  Sn ;  Pt,i  Au,  Hg,  Tl,  Pb). 
The  sections  I.,  II.,  and  III.  do  not  contain  any  heavy  metals. 

The  brittle  heavy  metals  and  semi-metals  are  found  in  IV., 
v.,  and  also  in  VII.  (if  Os  is  really  smaller  than  Au),  shortly 
before  the  lowest  points  on  the  descending  curves  (Ti,  V,  Cr, 
Mn ;  Zr,  Nb,  Mo,  Eu;  Ta,  W,  Os,  Ir). 

Non-metaUic  and  semi-metalHc  {i.e.  brittle,  but  possessmg 
metallic  lustre)  elements  are  found  in  each  section  on  the 
ascending  branches  of  the  curve  preceding  the  maximum.  In 
II.  and  III.  they  occupy  the  whole  of  the  curve  from  minimum 
to  maximum  (B,  C,  N,  0,  Fl;  Si,  P,  S,  CI),  but  in  IV.,  V., 
and  VII.  they  are  found  on  the  ascending  portions  of  the 
curve  near  the  maxima  (As,  Se,  Br;  Sb,  Te,  I;  Bi). 

§65.  According  to  Bottone^  the  hardness  of  elements 
is  inversely  proportional  to  their  atomic  volume.  But  his 
statement  must  be  received  with  caution,  since  he  found  that 
his  rule  held  good  for  indium,  although  he  had  made  use  of  the 
incorrect  atomic  weight  In =74  in  his  calculations.  He  also 
wrongly  assumes  that  calcium  is  softer  than  sodium,  &c. 

§  66.  The  fusibility  and  volatility  of  the  elements  are  also 
closely  connected  with  their  atomic  weights  and  atomic 
volumes. 

Owing  to  the  difficulty  of  determining  the  melting  points 
of  very  volatile  and  also  of  very  infusible  elements,  the 
meltmg  points  of  many  of  them  are  still  unknown.  And 
although  in  addition  to  this,  widely  different  results  have 

'  Assuming,  as  stated  in  §  61,  that  the  atomic  weight  of  osmium  is  less  than 
that  of  iridium,  and  that  the  atomic  weight  of  ruthenium  is  smaUer  than  that 
of  rhodium.  =  Morides,  xxxi.  720  ;  Sill  Amer.  Journ.  1873,  457. 
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been  obtained  by  different  investigators  in  determining  melting 
points,  tbe  approximate  knowledge  we  possess  is  sufficient 
to  prove  the  connection  between  the  fusibility  of  an  element 
and  its  atomic  weight. 

The  following  table,  contained  in  a  research  by  T.  Car- 
nelley,'  shows  as  far  as  possible  the  melting  points  of  the 
elements  in  absolute  temperature  (starting  at  —273°  C.)  The 
determinations  of  Violle  ^  for  the  melting  points  of  Cu,  Ag,  Pd, 
Ir,  Pt,  and  Au  are  inserted.  Carnelley  ^  also  prefers  these 
numbers  to  older  determinations.  The  melting  point  of 
bromine  is  corrected  from  the  determination  of  J.  Philipp,* 


Melting  Points  expbessed  in  Absolute  Tempeeatube. 


I. 

II. 



III. 

IV. 



V. 

VI. 

VII. 

VIII. 

H 



70  ? 

Li 

Be 

B 

C 

N 

0 

F 

453 

61230 

V  h 

V  h 

vl 

vl 

Na 

Mg5 

Al 

Si 

P 

S 

CI 

369 

1023 

1123 

V  ll 

r528 

388 

198 

c317 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

335 

+  Sr 

? 

nf 

nf 

62270 

2170 

2080 

2070 

1870 

Cu 

Zn 

Ga 

As 

Se 

Br 

1330 

690 

303 

a  773 

490 

266 

Eb 

Sr 

Y 

Zr 

Nb 

Mo 

Eu 

Eh 

Pd 

311 

+  Ba 

? 

+  Si 

nf 

V  h 

2070 

2270 

1775 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

1230 

590 

449 

503 

710 

728 

387 

Cs 

Ba 

La 

Ce 

Di 

300 

748 

a  710, 

and 

61273 

Yb 

Ta 

W 

Os 

Ir 

Pt 

? 

nf 

V  h 

2770 

2220 

2050 

Au 

Hg 

Tl 

Pb 

Bi 

1310 

234 

563 

599 

540 

Th 

U 

? 

-Fe 

N  f=not  fused;  v  h=yevy  high;  v  l  =  Yeiy  low;  a  =  above;  6  =  below; 
+  higher  than;  —  lower  than;  and  in  the  case  of  phosphorus  r  =  red,  and 
c  —  colourless. 


'  Phil.  Mag.  [6],  viii.  316.  ^  Covipt.  Bend.  Ixxxix.  703. 

'  Chem.  8oc.  Jour.  1880,  126.  "  Ber.  d.  deut.  chem.  Ges.  1879,  1424. 

*  Mg  melts  below  1070°  (absolute  temperature)  according  to  V.  Meyer,  Ber, 
d.  deul.  chem.  Ges.  1887,  498. 
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that  of  caesium  from  Setteberg's  determination ; '  and  the 
meltmg  point  of  hydrogen  is  from  Pictet's  experiments "  given 
at  —200°  C,  or  70°  absohite  temperature. 

The  contents  of  this  table  are  graphically  represented  in 
Figure  II.  of  the  table  affixed  to  the  end  of  this  book,  in  which 
the  atomic  weights  are  represented  by  abscissae,  and  the 
melting  points  by  ordinates.  Where  the  melting  points  have 
not  been  accurately  determined  they  are  represented  by 
dotted  lines,  and  in  the  case  of  the  very  difficultly  fusible 
elements  these  lines  are  prolonged  to  the  top  of  the  table.  A 
comparison  of  the  curve  uniting  the  extremities  of  the  ordi- 
nates with  the  curve  for  the  atomic  volumes  shows  great 
similarity  to  exist.  Both  are  divided  by  maxuna  mto  corre- 
sponding sections.  The  two  curves  do  not,  however,  coincide, 
but  the  curve  for  the  melting  point  appears  to  be  displaced 
to  the  right,  so  that  its  maxima  coincide  with  the  third  or  even 
fourth  element  after  the  maxima  of  the  atomic  volumes, 
e.g.  C,  Si,  Ti  or  V,  Zr,  or  Nb  and  Ta.  The  minima  occur 
immediately  before  the  maxima  of  atomic  volume,  e.g.  before 
hydrogen  and  the  elements  of  the  chlorine  group,  or  perhaps 
their  nearest  associates ;  in  the  II.  period  before  N  or  0,  and 
the  minimum  pomt  of  fusibility  is  probably  identical  with  Cs, 
i.e.  the  maximum  of  volume  itself,  in  V. 

In  the  larger  sections  of  the  curves  a  second  minimum 
occurs  at  the  metals  Ga,  In,  Hg. 

All  gaseous  elements,  and  all  those  elements  which  fuse 
easily  below  a  red  heat,  are  found  on  the  ascending  portions 
and  at  the  maxima  points  of  the  atomic  volume  curve.  All 
infusible  and  difficultly  fusible  elements  occur  at  the  pomts 
of  the  minima  and  descending  portions  of  the  curve.  The 
fusibiUty  of  the  elements  considered  as  a  function  of  then- 
atomic  weight  exhibits  a  periodicity  corresponding  to  that 
shown  by  the  atomic  volume  and  the  malleability. 

Only  those  elements  are  easily  fusible  the  atomic  volume  of 
which  is  larger  than  that  of  the  element  with  the  next  smaller 
atomic  weight.  Those  elements  are  difficultly  fusible  for  which 
the  reverse  is  the  case. 

'  Lieb.  Ann.  1882,  ccxi.  115. 

-  Liquijaction  dc  VOxijgena,  1878,  98. 
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Either  a  very  easily  fusible  or  an  infusible  element  occurs 
between  every  two  groups  of  easily  and  difficultly  fusible  ele- 
ments.   This  connectmg  link  is  wanting  only  in  the  case  of  C 
and  N,  and  between  Si  and  P.    Other  relations  are  observed 
on  comparmg  the  elements  on  the  corresponding  points  of  the 
volume  curve,  or  the  elements  forming  a  natural  family  in  the 
perpendicular  columns  of  the  table  on  page  127.    In  most 
of  these  groups  the  fusibihty  decreases,  or,  in  other  words, 
the  meltmg  point  rises,  with  increasing  atomic  weight.  The 
melting  point  falls  with  an  increase  in  the  atomic  weight  only 
in  the  following  groups :  (1)  the  alkah  metals,  Li,  Na,  K,  Eb, 
and  Cs  ;  (2)  apparently  m  the  case  of  the  alkaline  earths'.  Be,' 
Mg,  Oa,  Sr,  Ba,  and  certainly  in  the  group  of  the  heavy  metals, 
Zn,  Cd,  and  Hg.    Here  the  higher  members  are  more  fusible 
than  the  lower.    In  the  nitrogen-bismuth  group  the  fusibihty 
dunmishes  from  nitrogen  to  arsenic,  and  increases  from  arsenic 
to  bismuth.    In  the  case  of  the  noble  metals  the  fusibility  in- 
creases from  copper  to  silver,  and  again  decreases  from  the 
latter  to  gold. 

Owmg  to  these  differences  the  various  sections  of  the 
curve  of  meltmg  points  exhibit  a  certain  amount  of  variation. 
For  example,  the  difference  between  the  melting  points  of  the 
so-called  halogens,  F,  CI,  Br,  and  the  alkah  metals,  Li,  Na,  K, 
Eb,  diminishes  with  the  mcreasing  atomic  weights  until  it  is 
reversed  m  the  case  of  I  and  Cs,  so  that  Cs  melts  more  easily 
than  lodme,  Zn  melts  387°  C.  higher  than  Ga,  Cd  only  141° 
higher  than  In,  but  Hg  330°  lower  than  Tl. 

Similar  variations  are  found  m  the  relations  between  the 
neighbourmg  elements  P,  S,  CI;  As,  Se,  Br;  Sb,  Te,  I.  The 
meltmg  pomts  of  the  sulphur  group  increase  more  rapidly  with 
the  atomic  weight  than  the  melting  points  of  the  chlorine  group  • 
they  are  always  approxunately  double  those  of  the  latter.'  ' 

01198°  Br  266°  I  about  387° 

S  388°  =  2  X  194°  Se  490°  =  2  x  245°        Te  about  725°  =  2  x  363° 

§  67.  The  compounds  of  the  elements  also  exhibit  rela 
tions  na  their  melting  points,  which  have  recently  been  the 

'  Carnelley  and  Williams,  Chem.  Soc.  Jour.  1879,  563  ;  Phil  Man  r'^i.- 
1879,  320.  The  molting  point  of  To  was  then  believed  to  b;  7V3  vSs^  j;"' 
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subject  of  special  investigation  by  Carnelley.^  Thus  the  com- 
pounds of  the  metals  of  the  alkalis  and  alkaline  earths 
(columns  I.  and  II.  in  table,  page  120)  with  the  elements  of 
the  chlorine  group  (column  VII.)  exhibit  the  following  melting 
points,  expressed  in  the  ordinary  degrees  centigrade. 


KX 

K=Li 

Na 

K 

Kb 

Cs 

X  =  E 

801 

902 

789 

753 

9 

CI 

598 

772 

734 

710 

630 

Br 

547 

708 

699 

683 

? 

I 

446 

628 

634 

642 

? 

EX, 

E=Be 

Mg 

Ca 

Sr 

Be 

X,  =  F„ 

? 

908 

902 

902 

908 

ci; 

circa  600 

708 

719 

825 

Br„ 

circa  600 

695 

676 

630 

812 

? 

? 

631 

507 

These  variations  are  pretty  regular  in  the  horizontal  as  well 
as  in  the  vertical  rows.  In  most  cases  the  melting  point  sinks 
with  an  increase  in  the  atomic  weight  of  the  negative  or 
positive  element.  It  only  rises  between  the  first  and  second 
metals.  Strontium  and  barium  in  the  second  table  also 
exhibit  an  abnormal  behaviour. 

The  chlorides,  bromides,  and  iodides  of  boron,  aluminium, 
and  the  other  metals  in  column  III.  (page  120),  are  more 
easily  fusible,  and  more  volatile  when  sufficiently  stable,  than 
the  above  compounds.  These  compounds  of  boron  are  liquid 
at  the  ordinary  temperature,  and  the  compounds  of  aluminium 
melt  as  foUows : 

Al^Cl,  Al^Bre  AlJs 

Very  low  temperature.  90°  C.  185° 

From  this  relationship  Carnelley  ^  concludes  that  beryllium 
chloride  (m.  p.  600°  circa)  does  not  belong  to  this  group  of 
compounds,  and  therefore  has  not  the  composition  BeClg  or 
BegClg.  The  atomic  weight  of  beryllium  cannot,  therefore, 
be  half  as  large  again  as  given  on  page  120.    This  conclusion 

'  See  the  papers  which  have  appeared  since  1876  in  different  numbers  of 
the  Chcm.  Soc.  Journ.,  Boy.  Soc.  Proc.  and  Phil.  Mag. 
^  Phil.  Mag.  1879,  371. 
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is  justified  by  the  fact  that  Carnelley  '  was  enabled  to  calculate 
with  approximate  accuracy  the  melting  points  of  beryllium 
chloride  and  bromide,  before  they  had  been  experimentally 
determined,  by  the  aid  of  the  rules  founded  upon  the  varia- 
tions in  the  melting  points  of  compounds  with  the  variations 
in  the  atomic  weights. 

He  found  the  following  values  : 

Calculated  Observed 

BeCla  between  547  and  597,  between  585  and  617. 
BeBr,        „      529  and  547,  „       585  and  617. 

In  the  same  way,  L.  Meyer  calculated  the  melting  point 
of  Cs.  The  calculation  has  been  confirmed  by  Setterberg's 
determination  of  the  melting  point. 

§  68.  Volatility  is  intimately  associated  with  fusibility. 
Only  those  easily  fusible  metals  are  volatile  which  are  found 
on  the  ascending  portions  of  the  curve  for  atomic  volumes. 
Whilst  the  elements  on  the  ascending  portions  of  III.  and  IV. 
are  gaseous  or  easily  volatile,  many  which  occupy  a  similar 
position  in  IV.  and  V.  requke  a  strong  red  heat,  or  even  a 
white  heat,  for  volatiHsation. 

^  The  followmg  table  shows  the  absolute  temperature  of  the 
boiling  points  of  these  elements  under  a  pressure  of  one 
atmosphere,  arranged  according  to  the  sections  of  the  curves, 
and  in  the  same  order  in  which  they  appear  on  the  curve. 


Table  of  Boiung  Points. 


I. 

H 
h  70  ? 

Li 

II. 
III. 

IV. 

Zn 
1200 

Ga 
? 

N 
h  70  ? 

P 

563 

As 
700  ? 

0 

b  70  ? 

S 
720 

Se 
938 

F 

b  100  ? 

CI 
240 

Br 
331 

Na 
1130-1230 

K 

990-1000 

Eb 
? 

V. 

Cd 
1045 

In 

? 

Sn 

1870-2070 

Sb 

1360-1870 

Te 
b  1600 

I 

487 

Cs 
? 

VI. 

Hg 
6.30 

Tl 

? 

Pb 
1870-2070 

Bi 

1360-1870 

'  Froc.  Boy.  Soc.  1879,  No.  197  ;  Chem.  Soc.  Journ.  1880  {Trans.)  127. 
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These  imperfect  data  show  the  variations  between  the 
boihng  points  to  resemble  those  exhibited  by  the  melting 
pomts.  In  most  families  the  boiling  point  appears  to  increase 
with  the  atomic  weight,  but  in  both  the  groups  occupying  the 
beginning  and  end  of  the  ascending  curves,  viz.  the  alkali 
metals  and  the  zinc  group,  the  reverse  is  the  case. 

The  fusible  elements  occurring  on  the  ascending  curves  can 
be  more  or  less  easily  volatilised  within  artificially  attainable 
temperatures,  but  the  difficultly  fusible  elements  occurring  on 
the  descending  curves  and  at  the  minima  cannot  be  per- 
ceptibly volatilised  by  the  highest  temperatures,  which  can  be 
attained  artificially. 

Silver,  one  of  the  metals  which  connects  the  difficultly 
with  the  easily  fusible  elements,  and  which  occurs  at  the  com- 
mencement of  an  ascending  curve,  can  be  distilled  at  a  white 
heat.' 

It  is  possible  that  the  other  metals  occupying  the  mean 
position  between  the  easily  and  difficultly  fusible  metals  are 
not  exceedingly  difficult  to  volatilise  ;  but  observations  suitable 
for  deciding  the  question  have  not  yet  been  made. 

The  precedmg  relations  between  atomic  weight,  atomic 
volume,  fusibility,  and  volatility  may  be  expressed  by  the  fol- 
lowing proposition  : 

Every  element  is  easily  fusible  and  volatile  which  possesses 
a  greater  atomic  volume  than  the  immediately  preceding  elia- 
ment  with  a  lower  atomic  weight :  its  molecules  can  be  easily  • 
separated.  Inversely,  each  element  is  with  difficulty  fusible 
or  volatile  the  atomic  volume  of  which  is  smaller,  or  not  larger 
than  that  of  the  preceding  element,  having  a  smaller  atomic 
weight.  All  those  elements  melt  and  volatilise  easily  the 
atomic  volumes  of  which  would  be  diminished,  if  it  were 
possible,  by  reducing  their  atomic  weights  to  convert  them 
into  the  element  with  the  next  lower  atomic  weight.  On  the 
other  hand,  those  elements  fuse  and  volatilise  with  difficulty 
the  atomic  volumes  of  which  would  be  increased,  if  it  were 
possible,  by  reducing  their  atomic  weights  to  convert  them 
into  the  element  immediately  preceding. 

This  simple  relation  is  obviously  produced  by  a  definite 

'  For  the  distillation  of  silver,  see  Stas,  Nouvellcs  BecJierches,  36. 


CRYSTALLINE  FORM  OF  THE  ELEMENTS 


133 


and  probablj^  simple  cause,  which  has,  however,  not  yet  been 
discovered. 

§  69.  DuctiHty,  fusibihty,  and  volatiHty  of  the  elements 
are  closely  connected  with  their  internal  structure,  especially 
with  their  crystalline  form  and  expansion  by  heat.  These 
are,  therefore,  also  periodic  functions  of  the  atomic  weight. 
So  far  as  the  very  scanty  observations  indicate,  the  ductile 
metals  occurring  at  and  near  the  highest  and  lowest  points  of 
the  curve  for  atomic  volumes  crystallise  in  the  regular  system. 
This  has  been  proved  to  be  the  case  with  a  greater  or  lesser 
degree  of  certainty  for  Na,  Mg,  Al ;  K,  Fe,  Co,  Ni,  Cu ;  Pd 
(•?  dimorphous),  Ag;  Pt,  Ir,  Au,  Hg,  Pb.  The  non-metals 
standing  at  the  lowest  portions  of  sections  II.  and  III.  of  the 
curve  also  crystalHse  in  the  regular  system  C  (as  diamond, 
dimorphous).  Si  and  P  (colourless,  dimorphous).  On  the 
other  hand,  the  volatile  and  more  or  less  brittle  elements 
found  on  the  ascendmg  curves  do  not  crystalHse  in  the 
regular  system,  but  m  several  other  systems.  This  has  been 
proved  to  be  the  case  for  P  (red),  S,  Zn,i  As,  Se  ;  Cd,  In,  Sn, 
Sb,  Te,  I.  The  crystalline  form  of  the  brittle  metals  occur- 
ring on  the  descending  curves  is  hardly  known  ;  some  of  them, 
at  least,  do  not  appear  to  crystalHse  in  the  regular  system, 
e.g.  Zr. 

§  70.  The  researches  of  Fizeau  show  that  the  volatile 
elements  occurring  on  the  ascending  curve  possess,  almost 
without  exception,  a  larger  coefficient  of  expansion  by  heat 
between  0°  and  100°  than  the  difficultly  fusible  elements 
occupymg  the  minimum. 

T.  CarneUey  ^  asserts  that  the  coefficient  of  expansion  of 
an  element  increases  as  the  melting  point  sinks. 

H.  F.  Wiebe,3  starting  from  theoretical  speculations, 
arrived  at  the  conclusion  that  the  cubic  coefficient  of  expan- 
sion a  is  inversely  proportional  to  the  amount  of  heat  which 

'  According  to  the  investigation  of  Fizeau,  Compt.  Rend.  1869,  Ixviii. 
1125;  Pocj.  Ann.  cxxxviii.  26 ;  Streaker,  Jahr.  Ber.  1869,  Ixxxiv.,  zinc  does 
not  belong  to  the  regular  system,  as  was  formerly  believed  to  be  the  case.  It 
expands  unequally  in  different  directions  under  the  influence  of  heat. 

2  Ber.  d.  dcut.  chem.  Oes.  1878,  2289. 

'  Ibid.  1879,  788. 
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is  required  to  raise  the  atomic  weight  A  from  the  melting 
]point  <r  to  the  boihng  point  s  ;  thus,  if  c  =  the  specific  heat,  a 
is  inversely  proportional  to  the  product 

A  c  {s  —  a)  ; 

therefore  A  c  (s  —  c)  a  =  const.  =  C. 


A  comparison  with  experimental  results  gave,  according  to 
Wiebe's  calculation  : 


A 

c 

a 

a 

1 

c 

S     =  31-98 

0-1710 

Ul 

113-6 

0-0002670 

2-05 

Se  =  78-0 

0-0801 

700 

217 

0-0001696 

2-02 

P    =  30-96 

0-1900 

278 

44-5 

0-0003556 

2-04 

Hg  =  199-8 

0-0333 

356 

-40 

0-0001882 

2-02 

The  author  calls  attention  to  the  fact  that  unknown  boil- 
ing points  can  be  calculated  by  means  of  the  above  formula, 
or  by  the  aid  of  a  corresponding  formula  containing  the  co- 
efficient of  linear  expansion,  c.(j.\ 

Melting  point  Boiling  point 

Ag  916°  1870° 
Au  1037°  2240° 

It  is,  however,  doubtful  whether  this  rule  is  correct,  as 
Carnelley  '  has  found  the  boiling  points  of  tin,  lead,  antimony, 
and  bismuth  to  differ  considerably  from  the  results  calculated 
by  Wiebe's  formula. 

Wiebe  ^  afterwards  proposed  another  rule,  viz.  that  the  heat 
required  to  raise  the  atomic  weight  of  an  element  from  abso- 
lute zero  to  the  temperature  of  its  melting  pomt,  i.e.  the 
total  amount  of  heat  contained  in  the  atom  before  it  melts,  is 
almost  inversely  proportional  to  its  coefficient  of  cubical  ex- 
pansion, the  product  of  these  two  values  must  consequently 
be  aj)proximately  the  same  for  different  elements. 

Let  A  be  the  atomic  weight,  c  the  specific  heat,  T  the 
fibsolute  temperature  of  the  melting-point,  and  ^  the  co- 
efficient of  cubical  expansion ;  then  A,  c,  T,  ^  =  constant. 

•  Climi.  Soc.  Journ.  1879  (Trans.)  565. 
=  Ber.  d.  deut.  cliem.  Gas.  1880,  1258. 
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This  holds  good  for  a  series  of  elements,  especially  for 
those  crystallising  in  the  regular  system,  but  there  are  many 
exceptions  to  the  rule. 

Kaoul  Pictet '  has  proposed  another  mode  of  representing 
the  relation  between  melting  point,  expansion,  and  atomic 
volume. 

Startmg  from  the  hypothesis  that  the  mean  value  of  the 
amplitude  of  vibration  of  the  particles  of  soUd  bodies  (at  the 
moment  of  meltmg),  oscillating  about  their  point  of  equili- 
brium, must  be  equal  for  all  bodies,  he  arrives  at  the  conclusion 
that  the  product  of  the  mean  distance  of  the  particles  and 
the  coefficient  of  Hnear  expansion  will  be  proportional  to  the 
absolute  temperature  of  the  melting-point,  and  the  product 
of  these  three  values  is  constant. 

Since  the  absolute  distance  between  the  particles  is  not 
known,  the  corresponding  cube  root  of  the  atomic  volume 
may  be  substituted  in  its  place. 

Then  a  .  T  ^1^=  const. 

where  a  is  the  coefficient  of  linear  expansion,  T  the  melting- 
point  calculated  from  the  absolute  zero,  and  V  the  atomic 
volume,  or  the  quotient  of  the  atomic  weight  A  by  the  density 
D.  The  melting  pomts  in  column  V.  of  the  accompanying 
table  are  mostly  contained  in  Carnelley's  table.  The  numbers 
which  Violle  obtained  for  Cu,  Pd,  Ag,  Ir,  Pb  have  been  added. 
Where  Pictet  used  different  numbers  both  values  are  given ; 
they  are  distinguished  by  prefixing  the  initials  of  the  names 
of  the  investigators.  Column  VI.  contains  the  values  of  linear 
expansion  from  0°  to  100°,  i.e.  one  hundred  times  the  value  of 
the  mean  coefficient  of  expansion  for  1°  C.  Fizeau's  numbers 
are  distinguished  by  F,  and  those  employed  by  Pictet  by  P. 

'  Compt.  Rend.  1879,  Ixxxviii.  855  ;  SyntMsc  de  la  CJialmr.  Geneve, 
1879,  15. 
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I. 

II. 

•  A 

III. 

D 

IV. 

V 

V. 

T 

VI. 

a 

VII. 

Mg  1 

23-94 

1-74 

13-8 

1020  C 

0-002c9  P 

b-0 

Al  ' 

27-0 

2-56 

10-6 

1120  C 

231  P 

5-7 

870  P 

222  P 

4-3 

S  . 

31-98 

2-04 

15-7 

388  C 

2  641  P 

(6-2) 

Fe  * 

55-9 

7-8 

7-2 

2080  G 

119  P 

4-8 

1870  P 

118  P 

4-3 

1770  P 

4-0 

Co  ^ 

58-6 

8-5 

6-9 

2070  C 

124 

4-9 

1770  P 

A  .  Ci 

4*2 

Ni " 

58-6 

8-8 

6-7 

1870  G 

128  P 

1720  P 

)> 

4*1 

Cu  . 

G3-2 

8-8 

7-2 

1330  G 

168  F 

A  .O 

4-3 

1320  P 

172  P 

4-4 

Zn  ' 

64-9 

7-15 

9-1 

676  G 

292  P 

4-1 

685  P 

297  P 

4-3 

723  P 

294  P 

4-4 

Se  ' 

78-9 

4-6 

17-1 

490  G 

368  P 

4-7 

Ru  * 

103-5 

12-3 

8-4 

2070 

096  P 

4-1 

Ell  = 

104-1 

12-1 

8-6 

2270 

085  P 

4-0 

Pd  « 

106-2 

11-5 

8-2 

1775 

118  P 

4-4 

100  P 

4  1 

Ag' 

107-66 

10-5 

10-2 

1230  G 

192  b 

5  0 

»» 

191  P 

5-5 

»j 

162  P 

A  O 

4*6 

Cd  ' 

111-7 

8-65 

12-9 

593  C 

307  P 

4*0 

dlo  P 

A  tA 

4  4 

In  ' 

113-4 

7-42 

15-3 

449 

417  i' 

4'b 

Sn  ' 

117-8 

7-29 

16-1 

503  G 

223  P 

Cl.O 

608  P 

293  P 

Q.Q 

)» 

306  P 

o.ri 

Sb  « 

120-0 

6-7 

17-9 

710 

169  B 

(3-2) 

Sb  " 

»j 

llo  h 

/o.o\ 
(2-2) 

Sb  '» 

»» 

088  P 

(1-6) 

)j 

179  P 

/O    A  \ 

(3-4) 

)) 

OdO  P 

(b-2) 

±6 

u 

9ft-9 

773 

168  P 

3-5 

798 

3-6 

Os 

195-0 

22-5 

8-8 

2770 

066  P 

3-8 

Ir  ' 

192-7 

22-4 

8-6 

2223 

070  P 

3-6 

068  P 

3-9 

Pt  • 

194-0 

21-5 

9-1 

2048 

090  P 

3-9 

1       088  P 

3-8 

'  Fused. 

2  Coefficient  of  expansion  of  a  rhombic  crystal  of  sulphur,  for  a  plane  at  an 
angle  of  54°  44'  to  the  three  axes. 

"  Reduced  by  hydrogen  and  compressed.  ■*  Distilled. 

5  Semi-fused.  "Hammered.  '  Compressed  powder. 

«  Coefficient  of  expansion  in  the  direction  of  the  axes, 
"  Coefficient  of  mean  expansion. 
'»  Coefficient  of  expansion  at  right  angles  to  the  axes. 
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11. 

A 

III. 
D 

IV. 

V 

V. 

T 

VI. 
a 

VlI. 
a.TV  is 

Au  . 

I'JO 

19-3 

10-2 

1310 

C 

0-00144 

F 

4-1 

1370 

P 

P 

4-3 

148 

P 

4-4 

J» 

151 

P 

4-5 

Tl ' 

9.03-7 

11-86 

17-1 

563 

302 

F 

4-4 

314 

P 

4-5 

rO  ' 

20G'-1: 

11-38 

18-1 

G05 

C 

292 

F 

4-6 

608 

P 

285 

P 

4-5 

287 

P 

4-6 

Bi'^  . 

207-5 

9-82 

21-1 

538 

G 

162 

F 

(2-41) 

Bi^ 

135 

F 

(2'05) 

Bi-  . 

121 

F 

(1-84) 

In  accordance  with  Pictet's  hypothesis,  the  products  in 
column  VII.  are  approximately  equal  (4-5)  for  most  of  the 
elements.  The  products  are  not  quite  equal,  since  the  coeffi- 
cient of  expansion  varies  with  the  temperature,  and  in  these 
calculations  the  expansion  between  0°  and  100°  was  used  instead 
of  the  coefficient  of  expansion  between  the  absolute  zero  and 
the  melting  point.  The  great  differences  exhibited  by  such 
elements  as  S,  Sb,  Bi,  which  expand  differently  in  different 
dnections,  is  easily  explained.  Tin  and  tellurium  also  give 
too  low  results,  the  former  because  it  was  only  investigated 
by  Fizeau  in  the  form  of  compressed  powder.  Mg,  Al,  Ag, 
yield  too  high  results ;  this  is,  however,  not  the  case  for  the 
two  latter,  if  Pictet's  numbers  are  used  in  the  calculation. 

§  71.  Since  Pictet's  rule  applies  to  most  elements,  unknown 
melting  points  may  be  calculated  by  means  of  a  formula, 
deduced  from  this  rule,  viz. 


This  gives  the  following  results  for  silicon  and  graphite  :  ' 

A  D  V  a  T 

Graphite  11-97  1-88  6-4  0-000786  3200° 
Silicon  2-8        2-49       11-2  763  2660° 

These  numbers  are  probably  tolerably  accurate. 
'  Fused, 

*  Goelficient  of  expansion  in  the  direction  of  the  axes. 
"  Coefficient  of  mean  expansion. 

*  Coefficient  of  expansion  at  right  angles  to  the  axes. 
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On  the  other  hand,  Fizeau  found  that  sublimed  arsenic, 
composed  of  a  confused  mass  of  crystals,  has  a  small  co- 
efficient of  expansion,  viz.  0-000559,  showing  that  it  must 
have  a  very  high  melting  point,  but  Landolt  ^  has  proved  that 
arsenic  can  be  melted  m  closed  vessels  at  a  dull  red  heat. 
It  is  obvious  that  As  does  not  obey  Pictet's  rule  any  more 
than  antimony  and  bismuth.  Substances  crystallismg  in  the 
regular  system  may  also  form  exceptions.  Carbon,  crystallising 
in  the  regular  system  as  diamond,  possesses  the  smallest  ex- 
pansion of  all  the  elements  between  0°  and  100° ;  it  is  only 
0-000118.  Fizeau  2  has  shown  that  it  varies  greatly  with  the 
temperature.  It  diminishes  rapidly  with  a  falling  tempera- 
ture, until  it  disappears  at  —42-3°,  where  the  density  of  the 
diamond  attains  its  maximum,  like  water  does  at  4°,  cuprous 
oxide  at  —4-3°,  and  beryll.  —4-2°.  It  is  obvious  that  a  vary- 
ing value  cannot  be  of  any  use  in  calculating  the  melting 
point. 

The  shght  and  variable  expansion  of  the  diamond  is  un- 
doubtedly connected  with  its  small  specific  heat  (§  38) ;  this 
is,  however,  scarcely  the  sole  cause.  It  is  not  probable  that 
carbon  alone  should  exhibit  such  a  pecuharity ;  on  the  con- 
trary, it  is  very  possible  that  other  elements  behave  similarly 
only  at  different  temperatures.  The  relation  of  expansion 
to  atomic  weight  can  only  be  properly  understood  when  the 
expansion  of  the  metals  within  wide  limits  of  temperature  has 
been  measured. 

§  72.  The  refraction  of  hght  by  the  elements  and  their 
compounds  is  also  essentially  related  to  the  atomic  weight ; 
but  here  also  very  little  is  known  concerning  the  causal  con- 
nection. 

The  investigations  of  Gladstone  and  Dale,''  Landolt,"  and 
Wiillner^  show  that  the  value  n—1,  generally  known  as  the 

'  Kopp  and  Will,  Jahresber.  d.  Cliemie,  1869,  182. 

2  Compt.  Rend.  1865,  Ix.  1161 ;  1866,  Ixii.  1101  and  1133  ;  Ann.  Chim.  Phys. 
[4]  viii.  335 ;  Fogg.  Ann.  cxxvi.  611 ;  cxxviii.  564. 

^  Phil.  Trans.  1858  and  1863  ;  PMl.  Mag.  [4J,  xvii.  222,  xxvi.  484  ;  Chem. 
Soc.  Jouni.  1870,  101  and  147. 

^  Pogg.  Ann.  1862,  cxvii.  358  ;  1864,  cxxii.  645,  cxxiii.  595  ;  Lieh.  Ann. 

1865,  Suppl.  iv.  1. 

5  Pogg.  Ann.  1868,  cxxxiii.  1-53. 
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refractive  power,'  in  the  case  of  liquids,  varies  with  the  tem- 
perature in  the  same  way  as  the  density  d,  hence  the  relation 

between  the  two,  which  is  known  as  the  specific  refrac- 

ct 

tive  power,  is  independent  of  the  temperature. 

This  assumption  is  approximately  but  not  absolutely 
correct,  when  n  represents  the  index  of  refraction  for  homo- 
geneous hght  of  a  particular  colour,  or  more  correctly  for  A, 
a  ray  of  infinite  wave  length,  which  can  be  calculated  by 
Cauchy's  formula, 

n  =  A+^+^+  ... 

or  any  similar  interpolation  formula. 

The  investigations  of  Gladstone  and  Dale,  as  also  those 
of  Landolt,  further  show  that  the  specific  refraction  of  a  liquid 
can  be  calculated  from  the  specific  refraction  of  its  constituents 
by  means  of  the  formula  ; 

where  N  represents  the  index  of  refraction  and  D  the  density 
of  the  whole  Kquid,  n^,  n^,  n^,  &c.,  the  refractive  indices, 
(h>  ^h'  the  densities  of  its  individual  constituents, 
Vv  Pv  Ps'  the  weight  of  the  different  constituents  con- 
tained in  the  weight  P  of  the  mixture  or  compound.  This 
rule  is  not  absolutely  correct,  but  it  is  more  or  less  approxi- 
mate for  homogeneous  chemical  compounds,  and  mixtures  of 
chemical  compounds.  When  P  equals  the  molecular  weight 
of  a  compound, 

e.(j.  P  =  M  =  ^  A,  +  2/ .  A2  -I-  ^  .  A3  +  .  .  . 

then  the  preceding  formula  becomes 

'  Formerly         was  termed  the  refractive  power  and  the  specific 

refraction,  but  H.  A.  and  L.  Lorenz  have  recently  replaced  the  latter  expres- 
01-—  1 

^  (^i^^cZ'  ^^^^  proved  by  experiment  to  be  independent  of 

temperature. 
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where  Aj,  A^,  and  Ag  represent  the  atomic  weights  of  the 
constituents,  and  x,  y,  z  the  number  of  atoms  contained  in 
the  molecule  M.  The  product  of  the  specific  refraction  into 
the  atomic  weight  is  called  the  refraction  equivalent  of  the 
given  element ;  the  product  of  the  specific  refraction  into  the 
molecular  weight  is  called  the  molecular  refraction,  or  the  re- 
fraction equivalent  of  the  compound.^ 

The  meaning  of  the  above  formula  may  be  thus  expressed. 
The  molecular  refractive  power  of  a  compound  is  equal  to  the 
sum  of  the  refraction  equivalents  of  its  constituents.  This 
proposition  is  not  however  absolutely  true. 

The  refraction  equivalents  of  some  of  the  elements  can- 
not be  directly  determined,  and  it  is  also  doubtful  whether 
their  values  in  the  sohd  state  remain  unchanged  by  their 
transition  to  liquid  compounds.  As  a  rule,  the  refraction 
equivalents  of  the  elements  have  been  calculated  from  the 
molecular  refraction  of  a  large  number  of  their  compounds. 
Let  E/a  (M)  be  the  equivalent  of  refraction  of  a  compound, 
having  the  molecular  weight  (M)  for  the  red  hydrogen  line  a, 
and  let  E/a  (C),  E/a  (H),  &c.,  be  the  refraction  equivalents 
of  the  elements,  then  for  the  compound  C„  H2,„  0^,  we  ob- 

N  — 1 

tain  the  equation  E/a  (C„H2„iO^,)  =    ^    .  M  =  n.Bfa  (C)  + 

2mE/a(H)  +  j:>E/a(0).  Having  determined  the  molecular  re- 
fraction of  a  large  number  of  compounds  of  carbon,  hydrogen, 
and  oxygen  for  the  three  hydrogen  lines  a  (red),  yS  (green), 
Fraunhofer's  C  and  F,  and  7  (blue)  near  Fraunhofer's  G, 
Landolt  was  able  to  calculate  the  refraction  equivalents  of  the 
elements  contained  in  these  compounds. ^ 

At  the  suggestion  of  Landolt,  A.  Haagen  ^  has  by  a 
similar  method  determined  the  refraction  equivalents  of  ten 
other  elements,  and  has  also  calculated  from  these  observa- 
tions the  refraction  equivalent  E/a  for  the  constant  A  by 
means  of  Cauchy's  dispersion  formula. 

'  Landolt,  Pogg.  Ann.  1864,  cxxiii.  600. 

=  Pogg.  Ami.  1864,  cxxiii.  621 ;  Lieb.  Ann.  1865,  Suppl.  iv.  18. 
s  Pogg.  Ann.  1867,  cxxxi.  117. 
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Table  of  Eefeaction  Equivalents. 


Element 

B/a 

JV/3 

H 

1-29 

1-802 

1-316 

- 

1-319 

0 

2-90 

2-76 

2-82 

2-83 

C 

4-86 

5-06 

5-17 

5-25 

CI 

9-53 

9-80 

Br 

14-75 

15-34 

— 

— 

I 

23-55 

24-87 

S 

14-74 

16-03 

•P 

14-60 

14-93 

As 

18-84 

20-22 

Sb 

25-66 

Sn 

18-64 

19-89 

Si 

7-81 

7-90 

Na 

4-71 

4-89 

If  these  values  were  strictly  available  for  all  compounds  it 
would  be  possible  to  calculate  from  the  known  composition  of 
any  compound  of  the  three  elements  named,  its  molecular 
refraction,  or  to  calculate  the  composition  of  a  compound  from 
its  molecular  refraction. 

But  Landolt  found  that  the  calculated  values  only  agreed 
with  a  portion  of  the  experimental  observations,  whilst  in 
other  cases  considerable  deviations  existed.  This  arises  from 
the  fact  that  not  only  the  nature  but  also  the  arrangement 
of  the  atoms  exerts  an  influence  on  the  molecular  refraction 
of  compounds.  This  will  be  further  discussed  in  section  VII., 
which  treats  of  the  linking  of  atoms. 

Gladstone  and  Dale  arrived  at  the  same  conclusion.  The 
former  determined  the  refraction  equivalents  of  most  of  the 
elements,  but  in  many  cases  with  doubtful  accuracy.  He 
concludes  from  his  investigations  •  that  a  single  value  for  the 
refraction  equivalent  of  any  element  is  not  sufficient  to  explain 
the  optical  behaviour  of  chemical  compounds,  but,  on  the  other 
hand,  two  different  refraction  equivalents  must  be  assumed 
for  many  elements,  according  to  the  kind  of  compound  in  which 
they  are  contamed. 

In  the  accompanying  table  the  elements  are  arranged  in 
the  horizontal  rows  in  the  order  of  their  atomic  weights. 
Gladstone's  values  of  the  refraction  equivalents  for  the  line  A  ^ 

'  Lond.  Roy.  Soc.  Proc.  1869,  xviii.  49,  and  1881,  xxxi.  327;  Lond.  Phil. 
Trans.  1870,  clx.  9. 

2  Cluim.  Soc.  Jour.  1870,  109. 
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in  the  red  portion  of  the  solar  spectrum  are  given  under  the 
atomic  symbols  of  the  elements. 

This  table  exhibits  similar  relations  to  the  others.  Within 
each  period  in  which  the  other  properties  have  one  or  two 
maxima,  the  index  of  specific  refraction  and  the  refraction 
equivalent  also  exhibit  one  or  two  maxima.  Nearly  all  the 
maxima  in  the  latter  case  occur  in  the  (vertical  row)  carbon 
or  nitrogen  groups.  In  some  of  the  horizontal  rows  in  the 
table  a  second  less  marked  maximum  occurs.  A  detailed  dis- 
cussion of  these  numbers  is  useless  on  account  of  the  uncer- 
tainty attached  to  the  determination  of  many  of  these  refrac- 
tion equivalents.  It  is  sufficient  to  have  proved  that  the 
refraction  equivalent  is  a  function  of  the  atomic  weight. 


H 

Li 

Be 

B 

c 

1-3' 
3-52 

3-8 

5-7 

4-0 

50 

N 

0 

F 

Na 

Mg 

Al 

Si 

4-  1 » 

5-  3  ^ 

2-9 

1'4? 

4-8 

7-0 

8-4 

7-5  =  ? 
6-8 

P 

S 

CI 

K 

Ca 

Ti 

18-8 

16-0 

9-9' 
10-7  9 

81 

10-4 

25-5? 

V 

Or 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

25-8? 

15-9» 
23-0 

12-2" 
26-2'=? 

12-0 '3 
20-1 

lO-B 

10-4 

11-6 

10-2 

As 

Br 

Eb 

Sr 

Y 

Zr 

15-4 

lo-3'5 
16-9"' 

14-0 

13-6 

22-3? 

'  In  organic  compounds. 
3  In  NO,  N.O,  CN,  NH3,  &c. 

In  chlorides. 

In  organic  compounds. 

In  salts  of  the  sequioxide. 

In  manganous  salts. 

In  ferrous  salts. 

In  organic  compounds. 


2  In  HCl,  HBr,  HI. 

*  In  nitrites  and  nitrates. 

"  In  the  oxide,  &c. 

'  In  solutions  of  its  salts. 

In  chromates. 
'-  In  permanganates. 
"  In  ferric  salts. 

In  solutions  of  the  salts. 
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Nb 

Mo 



Ku 

Eh 

Pel 

Ag 

Ccl 

In 

Sn 

24-2? 

22-2 

13-5 

13-6 

27-0 
19-2' 

Sb 

Te 

I 

Cs 

Ba 

Ce 

24-5 

2-1-5' 
27-2^ 

13-7? 

15-8 

20-4? 

Ng 

Yb 

Ta  W 

_ 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

26-0 

24-0 

21-3 
29-0*' 

21-6? 

24-8 

Bi 

Th 

39-2 

Landolt^  has  pointed  out  that  different  vahies  are  obtained 


for  the  refraction  equivalents  if  the  new  formula  Bf- 


is  employed  instead  of  E/  =  —j—p 


but  the  mutual  relation 


between  the  numbers  remains  unchanged,  as  the  following 
calculations  of  Landolt  show  : 


n—1 

d  " 

Element 

H  . 

1-29  . 

1-30 

C  . 

4-86  . 

5-06 

CI  . 

9-53  . 

9-80 

1-  02      .  1-04 

2-  43  .  2-48 
5-89      .  6-02 

According  to  Bayley,*^  the  power  of  forming  coloured  com- 
pounds is  also  a  periodic  function  of  the  atomic  weight. 

'  In  Sn  CI.,.  In  organic  compounds. 

^  In  solutions  of  its  salts.  In  double  iodides. 

*  Bcrl.  Akad.  Sitz.-Bcr.  1882,  64  ;  Blath.  nat.  Mitth.  ders.,  43. 
"  Phil.  Mag.  1882,  xiii.  34.    Vide  curve  of  atomic  volumes. 
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Colourless  acids  only  form  coloured  salts  with  the  oxides  of 
those  metals  which  occur  near  the  minimum  of  atomic  volumes.^ 
§  73.  The  specific  heat  also,  as  shown  more  fully  in  section 
III.,  represents  a  function  of  the  atomic  weight ;  but  it  is  not 
a  periodic  function,  smce,  accordmg  to  the  law  of  Dulong 
and  Petit,  the  specific  heats  are  inversely  proportional  to  the 
atomic  weights.    The  atomic  heat  A.c  is  to  some  extent  de- 
pendent not  only  upon  the  atomic  weight,  but  also  upon  the 
atomic  volume.    Ah  elements  which  at  a  mean  temperature 
do  not  obey  or  only  approximately  follow  the  law  of  Dulong 
and  Petit  possess  not  only  small  atomic  weights  but  large 
atomic  volumes  also.    All  these  elements  occur  in  the  sections 
I.,  II.,  and  III.,  near  the  minima  of  the  curve  of  atomic  vol- 
umes. Lithium  and  sodium,  elements  possessing  small  atomic 
weights  but  large  atomic  volumes,  occur  in  these  sections 
also;  and  further,  in  the  same  sections,  are  the  elements 
chlorine  and  potassium,  possessmg  large  atomic  volumes. 
All  these  elements  obey  the  law  of  specific  heats.    They  are 
separated  from  the  other  elements  by  a  line  in  the  diagram  of 
the  curve  of  atomic  volumes,  called  the  limit  of  the  law  of 
Dulong  and  Petit.    The  elements  lithium,  sodium,  chlorine, 
and  potassium,  wdiich  occur  above  this  line,  obey  the  law, 
whilst  the  specific  heats  at  low  temperature  of  the  elements 
below  this  line  have  been  found  to  be  too  low.    Hence,  in 
order  that  the  law  of  specific  heats  may  hold  true  even  at  low 
temperatures,  it  is  necessary  that  elements  with  low  atomic, 
weights  should  possess  atomic  volumes  of  a  certain  magnitude. 
This  fact  is  expressed  empirically  as  follows  :  All  elements 
possessing  atomic  weights  less  than  forty  times  that  of 
hydrogen  obey  the  law  of  Dulong  and  Petit  when  their  density, 
compared  with  that  of  water is  less  than  1-5  (about). 

It  is  also  probable  that  the  atomic  heat  of  elements  with 
larger  atomic  weights  is  influenced  by  the  magnitude  of  then- 
atomic  volumes.  The  majority  of  determinations  hitherto 
made  are  not,  however,  sufficiently  exact  or  rehable  to  exhibit 
the  nature  of  a  variation  which  is  in  all  probability  but  small. 

§  74.  The  conductivity  for  heat  and  electricity  of  the 
elements  is,  as  is  well  known,  dependent  upon  their  ductihty 
'  Vide  Carnelley  on  this  subject,  Ber.  d.  dcut.  chem.  Gcs.  xvii.  2151. 
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and  malleability,  and  hence,  like  these,  is  a  periodic  function 
of  the  atomic  weight,  the  periodicity  of  which  coincides  with 
that  of  the  atomic  volumes.  Hence,  from  potassium  upwards, 
the  two  periods  of  ductility  and  conductivity  coincide  with  one 
of  the  atomic  volumes. 

Up  to  the  present  time  all  experiments'  show  that  the 
best  conductors  of  heat  and  electricity  are  the  three  metals 
silver,  coppei-,  and  gold,  the  atomic  weights  of  which  show 
them  to  form  as  it  were  the  points  of  transition  between  the 
elements  difficult  of  fusion  and  those  easily  fusible  and 
volatile.    The  observations  in  the  case  of  other  metals  differ 
considerably,  the  differences  being  in  all  probability  due  to  the 
impurities  ^  of  the  substances  employed  and  the  lack  of  con- 
tmuity  m  the  wires  used.    Nevertheless  all  observers  agree 
that  the  metal  alummium  is  closely  alhed  to  the  three  metals 
mentioned  above.    Aluminium  also  occupies  on  the  curve  of 
atomic  volumes  a  similar  position  to  that  occupied  by  these 
metals.    Next  to  these  follow  two  groups  of  metals  differing 
but  httle  in  their  conductivity.     The  first  group  contains 
the  three  easily  fusible  and  volatile  heavy  metals,  zinc,  cad- 
mium, and  tin,  which  by  their  atomic  weights  are  nearly 
associated  with  silver  and  copper.    To  this  group  the  metal 
indium  will  in  all  probability  be  found  to  belong.    The  second 
group  contains  three  metals  possessing  maximum  atomic 
volume  and  the  adjacent  Hght  metals,  lithium,  sodium,  mag- 
nesium, potassium,  and  calcium.    Next  to  these  groups  come 
the  ductile  and  difficultly  fusible  heavy  metals,  iron,  nickel, 
palladium,  and  platinum.    These  metals  have  a  minimum' 
atomic  volume,  and  possess  a  somewhat  greater  electrical  re- 
sistance. The  easily  fusible  and  soft  metals  thallium  and  lead 
possess  a  lower  conductivity  than  the  members  of  this  group. 

It  cannot  escape  notice  that  the  brittle  crystalline  semi- 
metals,  antimony,  bismuth,  and  tellurium,  which  are  only 
malleable  within  narrow  limits  of  temperature,  possess  a  lower 
conductivity  than  any  of  the  above-mentioned  metals.  On  the 

i«7l  ^it^'""^  by  G.  Wiedemann,  1861,  i.  180  ;  and  2nd  ed 

IH/^,  I.  292,  contains  an  account  of  these  observations. 

^  An  account  of  the  influence  of  small  amounts  of  impurities  is  given  in 
Wiedemann's  Gal/vanismus,  1872,  i.  299.  ^ 
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other  hand,  it  is  worthy  of  attention  that  mercury,  which  in 
the  Hquid  state  closely  resembles  these  metals  as  regards  their 
conductivity,  is  by  reason  of  its  atomic  weight  and  volume 
nearly  associated  with  zinc  and  cadmium,  which  are  compara- 
tively good  conductors  ;  further,  mercury  in  the  solid  state  is 
a  malleable  metal.  These  facts  may  be  expressed  in  the 
following  general  rule  : — The  metals  with  large  atomic  weights 
occurring  m  section  VII.  of  the  curve  of  atomic  volumes 
possess  a  lower  conductivity  than  the  corresponding  metals 
occurring  in  sections  IV,  and  V.,  which  possess  small  atomic 
weights.    Thus,  according  to  the  majority  of  observers, 

Platinum  is  not  as  good  a  conductor  as  palladium,  nickel,  and 

iron. 

Gold  ,,         silver  and  copper. 

Mercury       ,,  „         cadmium  and  zinc. 

Lead  ,,  ,,  ,,  zinc. 

Bismuth      ,,  ,,  ,,  antimony. 

In  all  probability  thaUium  and  indium  will  exhibit  similar 
relations. 

Matthieson  found  for  the  metal  strontium,  which  occm'S 
in  section  V.,  a  conductivity  only  one  third  that  of  calcium. 
Its  resistance  is  therefore  greater  than  that  of  the  brittle 
metal  antimony.  It  would,  however,  be  too  rash  to  conclude 
from  such  observations  that  in  the  case  of  the  light  metals 
also,  a  low  atomic  weight  is  associated  with  a  high  con- 
ductivity. That  this  is  really  the  case  is  by  no  means  im- 
probable, smce  potassium  does  not  conduct  as  well  as  sodium, 
nor  calcium  as  weU  as  magnesium;  Uthium,  on  the  other 
hand,  which  possesses  the  smallest  atomic  weight,  is  the  worst 
conductor  of  these  four  metals. 

The  electrical  conductivities  of  the  difficultly  fusible  semi- 
metals  which  occur  on  the  descending  portions  of  the  curves 
in  sections  IV.,  V.,  and  VI.  have  not  been  ascertained ;  the 
non-metals  on  the  ascending  portions  are  either  non-conductors 
or  exceptionally  bad  conductors  of  electricity. 

§  75.  The  position  of  the  elements  in  the  series  based  upon 
the  differences  in  their  electrical  potential  is  without  doubt 
connected  with  their  position  in  the  series  based  upon  the 
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atomic  weights.  The  attempts  hitherto  made  to  arrange  the 
elements,  as  regards  their  electrical  behaviour,  in  a  single 
series  ranging  from  the  most  positive  to  the  most  negative 
elements  have  met  with  but  questionable  success.  This  fact  is 
explained  by  the  difficulties  attendant  on  the  observation  and 
estimation  of  contact  electricity.  Although  the  formation  of 
such  a  series  still  remains  desirable,  yet  it  is  at  present  more 
important  to  know  whether  the  electrical  behaviour  is  related 
to  the  magnitude  of  the  atomic  weight. 

The  measurements  of  contact  electricity '  made  by  Kohl- 
rausch,  Gerland,  and  Hankel  show,  despite  the  small  number 
of  experiments,  that  this  property  exhibits  variations  similar 
to  those  of  the  atomic  weights.  The  differences  between  the 
numbers  placed  mider  E  in  the  foUowmg  table  represent  the 
differences  m  potential  produced  by  the  contact  of  the  metals 
in  question,  that  produced  by  contact  of  zinc  and  copper  being 
taken  as  100.  The  homologous  elements  are  placed  in  the 
same  horizontal  lines.  Their  electrical  behaviour  appears  to 
vary  with  then-  atomic  weights,  and  hence  shows  the  desii-- 
ability  of  further  determinations. 


£ 

B 

E 

E 

C    =  11-97 
Al    =  27-2 

78 
225 

Fe     =  55-9 
Cu    =  63-3 
Zn    =  64-9 

116 
100 
200 

Pd  =106-2 
Ag  =107-66 
Cd  =111-6 
Sn  =117-8 
Si  =122-0 

85 
88 
175 
149 
131 

Pt  =195 
Au  =197 
Hg  =199-8 
Pb  =206-4 
Bi  =207-5 

77 
90 
119 
156 
130 

The  series  based  on  the  differences  in  their  electrical 
potential  ^  cannot  be  satisfactorily  employed  to  replace  the  want 
of  measm-ements  for  pure  contact  electricity.  The  values  have 
been  determined  by  comparmg  the  electrical  behaviour  of  the 
elements  when  each  pair  of  them,  either  in  direct  contact  or 
joined  by  a  conductor  of  the  first  class,  is  placed  in  the  same 
electrolyte  or  conductor  of  the  second  class.  These  determina- 
tions are  at  present  too  uncertain  and  unsystematic  to  be 
serviceable,  and  consequently  yield  very  different  arrangements 

'  Vide  Wiedemann,  Galvanismtis,  2.  Aufl.  i.  21. 

^  A  description  of  such  electro-chemical  series 'is  given  by  Wiedemann  in 
hi8  Galvanismus,  1861,  i.  40,  41 ;  2.  Aufl.  1872,  i.  58. 
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of  the  elements,  without  giving  any  clue  to  the  cause  of  these 
differences. 

If  however  such  electro- chemical  arrangements  of  the 
elements  are  disregarded  and  their  general  chemical  behaviour, 
which  is  probably  dependent  on  the  former,  be  considered, 
then  a  periodicity  is  observed  coincident  with  that  of  their 
other  physical  properties.  These  facts  are  noted  on  the  curve 
of  atomic  volumes,  at  the  end  of  the  book,  by  the  words 
'  electro-positive '  and  '  electro-negative.'  These  two  properties 
exhibit  variations  similar  to  the  alternations  exhibited  in 
malleability  and  brittleness. 

In  section  I.  of  the  curve  of  atomic  volumes  which  termi- 
nates with  lithium  we  have  the  strongly  electro-positive  ele- 
ment hydrogen  only.  In  the  descending  portion  of  section  II. 
of  the  curve,  from  the  maximum  to  the  minimum,  are  the 
strongly  electro-positive  elements  lithium  and  beryllium,  the 
hydrated  oxides  or  hydroxyl  compounds  of  which  are  strong 
bases.  The  elements  boron,  carbon,  nitrogen,  oxygen,  and 
fluorine,  which  occur  on  the  ascending  portion  of  this  section 
of  the  curve,  from  the  minimum  to  the  maximum,  are  mostly 
electro-negative ;  their  hydrated  oxides  (and  in  the  case  of 
fluorine  its  hydrogen  compound)  are  acids. 

A  similar  relation  is  seen  in  section  III.  On  the  descend- 
ing portion,  from  maximum  to  minimum,  are  the  positive 
elements  sodium,  magnesium,  and  aluminium.  This  latter 
element  also  exhibits  negative  properties,  its  hydrated  oxide 
possessing  basic  and  feebly  acid  properties.  Further  on  the 
ascending  portions,  from  minimum  to  maximum,  are  the 
negative  and  acid-forming  elements  silicon,  phosphorus,  sul- 
phur, and  chlorine. 

In  sections  IV.  and  V.,  the  electro- chemical  properties 
pass  through  two  periods,  whilst  the  atomic  volumes  pass 
through  one  only.  In  section  IV.,  on  the  upper  part  of  the 
curve,  descending  from  the  maximum,  the  positive  elements 
potassium,  calcium,  and  scandium  occur,  and  in  section  V. 
the  elements  rubidium,  strontium,  and  yttrium.  Next  foUow 
the  more  or  less  negative  elements  in  section  IV. — titanium, 
vanadium,  chromium,  and  manganese — and  in  section  V. 
zirconium,  niobium,  molybdenum,  and  ruthenium.    Some  of 
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these  elements  are  electro-positive ;  this  is  especially  true  of 
chromium  and  manganese,  which  thus  form  a  link  between 
these  and  the  positive  elements  situated  on  the  lower  parts  of 
the  ascending  curves,  viz.  in  section  IV.,  iron,  cobalt,  nickel, 
copper,  zinc,  and  gallium ;  in  section  V.,  rhodium,  palladium, 
silver,  cadmium,  and  iridium.  Then  from  this  point  to 
about  the  middle  of  the  ascending  curve  follow  strongly 
negative  elements,  viz.  in  section  IV.,  arsenic,  selenium, 
and  bromme ;  and  in  section  V.,  after  tin,  which  may  be 
regarded  as  positive  as  well  as  negative,  follow  antimony, 
tellurium,  and  iodine.  And  following  these,  without  any  inter- 
mediate elements,  as  in  sections  II.  and  III.,  is  the  strongly 
positive  alkali  metal  caesium,  which  occupies  the  maximum. 

In  section  VI.,  as  in  the  others,  first  come  the  positive 
metals  caesium,  barium,  lanthanum,  didymium,  and  cerium ; 
then  follows  a  considerable  gap  in  the  series  of  atomic  weights, 
the  possibiHty  of  filling  up  which  must  at  present  be  regarded 
as  undecided.  This  blank  is  followed,  in  section  VII.,  imme- 
diately before  a  minimum,  by  the  negative  elements  tantalum 
and  tungsten.  To  these  the  negative  metal  osmium  may 
possibly  be  added ;  its  atomic  weight,  though  at  present  un- 
certain, cannot  be  greater,  but  must  be  less,  than  that  of  iridium. 
The  elements  iridium,  platinum,  and  gold  come  next,  exhibit- 
ing positive  properties,  and  following  them  are  the  strongly 
positive  elements  mercury,  thallium,  and  lead.  These  elements 
form  the  link  between  the  metals  on  the  upper  portion  of  the 
curve  and  the  almost  negative  element  bismuth.  Hence  the 
changes  in  the  chemical  nature  of  the  elements  are  similar  in 
these  sections  to  those  in  sections  IV.  and  V. 

§  76.  By  comparing  the  elements  on  the  corresponding 
parts  of  the  different  sections  of  the  curve,  it  will  be  seen  that 
the  positive  and  negative  characters  are  very  differently  deve- 
loped. It  is  specially  noticeable  that  in  the  neighbourhood  of 
the  minima  of  atomic  volumes,  the  differences  in  chemical 
character  are  sHght ;  but  near  the  maxima  the  elements 
exhibit  very  marked  differences.  Thus  the  negative  character 
of  phosphorus,  sulphur,  and  chlorine,  of  arsenic,  selenium,  and 
bromme ;  also  the  positive  character  of  potassium  and  calcium, 
of  rubidium  and  strontium,  are  much  more  distinctly  marked 
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than  are  the  negative  characters  of  vanadium,  chromium,  and 
manganese,  or  of  niobium,  molybdenum,  and  ruthenium  ; 
or  the  positive  characters  of  copper  and  zinc,  of  silver  and 
cadmium. 

Hence  a  condensation  of  mass  in  a  small  space  does  not 
appear  to  be  conducive  either  to  the  development  of  a  strongly 
negative  or  positive  chemical  character.  The  absolute  value 
of  the  density  and  of  the  atomic  volume  can  alone  scarcely 
determine  this.  It  is  more  probably  influenced  by  the  nature 
and  manner  of  the  changes  in  the  atomic  volume  from  element 
to  element.  The  elements  between  which  these  changes  are 
the  greatest  exhibit  the  greatest  contrast  in  theii'  chemical 
properties. 

The  magnitude  of  the  atomic  weight  has  apparently  a  visible 
influence  upon  the  chemical  character  of  the  elements.  This 
is  especially  noticeable  in  the  higher  members  of  the  natural 
famihes  of  elements  ;  the  negative  or  acid-forming  characters 
decreasing  with  mcrease  in  atomic  weight.  In  the  case  of  the 
halogen  elements  chlorine  is  more  negative  than  bromine,  and 
bromine  than  iodine ;  similarly  sulphur  is  more  negative  than 
selenium,  and  the  latter  than  tellurium ;  finally,  phosphorus, 
arsenic,  antimony,  and  bismuth  exhibit  similar  gradations, 
phosphorus  being  the  most  negative ;  whilst  indium,  a  metal 
corresponding  to  aluminium,  has  a  certain  tendency  to  act  as 
a  negative  element,  and  tin  possesses  this  property  to  a  more 
marked  degree ;  the  metals  lead  and  bismuth,  which  are 
associated  with  these  and  have  large  atomic  weights,  are 
essentially  positive  in  character.  Since  in  each  of  the  above 
groups  the  atomic  volume  changes  but  slightly  with  increase  in 
atomic  weight,  it  appears  m  these  cases  that  a  high  degree  of 
density  of  the  mass  is  not  necessary  to  the  development  of  a 
decided  negative  character.  Eemarks  like  the  above  will  always 
be  vague  and  uncertain  so  long  as  the  positive  and  negative 
properties  of  the  elements  cannot  be  expressed  numerically. 

§  77.  That  the  magnetic  and  diamagnetic  jproperties  of 
the  elements  appear  to  be  closely  connected  with  their  atomic 
weights  and  atomic  volumes,  has  been  mentioned  m  former 
editions  of  this  book.  Further,  it  was  stated  that  those 
elements  are  usually  magnetic  the  atomic  volumes  of  which 
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approach  the  minima.  It  has  been  pointed  out  lately  by  Th. 
Carnelley^  that,  according  to  the  determinations  of  Faraday,  the 
elements  placed  m  the  same  horizontal  series  in  the  table  on  p. 
123  possess  similar  magnetic  properties  ;  and  that  the  series  are 
alternately  magnetic  and  diamagnetic.  The  observations  of 
different  investigators  in  this  matter  do  not  agree  well  with 
one  another  f  a  fact  to  be  explamed  by  the  varying  purity  of 
the  material  employed.  Hence  at  present  it  cannot  be  stated 
whether  or  to  what  extent  the  statement  of  Carnelley  holds 
true.  Should  it  be  found  to  be  correct,  then  the  magnetic  pro- 
perties of  the  elements  are  also  functions  of  their  atomic  weight. 
In  the  following  tables  the  magnetic  elements  are  denoted  by 
the  sign  +  attached  to  their  symbols,  the  diamagnetic  by  the 
sign  —  and  those  in  respect  of  which  contradictory  asser- 
tions have  been  made  are  denoted  by  the  two  signs  ± . 


Magnetic  and  Diamagnetic  Elements. 


H 

Li 
? 

Be 
+ 

B 
? 

C 

+ 

N 
± 

0 

+ 

F 
? 

Na 

± 

Mg 
± 

Al 
± 

Si 

± 

P 

S 

CI 

K 

+ 

Ca 
? 

Sc 
? 

Ti 

+ 

V 
? 

Cr 

+ 

Mn 
+ 

Fe 
+ 

Co 

+ 

Ni 
+ 

Cu 

Zn 

Ga 
? 

As 

Se 

Br 

Eb 

? 

Sr 
? 

Y 

+ 

Zr 

Nb 

Mo 
+ 

Ru 
? 

Rh 
± 

Pd 

+ 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Cs 
? 

Ba 
? 

La 

+ 

Ce 
+ 

Di 

+ 

Ng 
? 

Yb 

+ 

Ta 

W 

Os 
+ 

Ir 

± 

Pt 
+ 

Au 

Hg 

Tl 

Pb 

Bi 

Th 

± 

U 

± 

Each  of  the  horizontal  series  contains,  on  the  left,  magnetic 
elements,  on  the  right,  diamagnetic,  and  thus  represents  a 
period  of  the  magnetic  relations.    These  periods  coincide  with 
'  Ber.  d.  deut.  chem.  Ges.  1879,  1958. 

^  Vide  Wiedemann's  Galvanismus,  2nd  ed.  vol.  II.  i.  641 ;  Angstrom,  Ber.  d. 
deut.  chem,  Ges.  1880, 1465  ;  L.  Errera ;  Bull,  de  I'Acad.  Boy.  de  Belgique,  1881. 
i.  313. 
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those  of  atomic  volumes,  save  that  the  former  contains  two  of 
the  latter.  As  far  as  may  be  concluded  from  the  few  and  in 
part^  untrustworthy  observations,  it  appears  that,  from  the 
maximum  to  the  minimum  of  atomic  volumes,  the  elements 
are  entirely  magnetic,  and  at  the  minimum  the  magnetism 
exhibits  the  greatest  intensity ;  this  is  at  least  true  of  the  iron 
group ;  then  from  this  minimum  to  the  next  maximum  follow 
diamagnetic  elements  only.  The  first  period  includes  two 
atomic  volume  periods ;  this  is  remarkable,  since  by  this  means 
the  elements  N,  0,  F,  Na,  Mg,  Al,  and  Si  are  separated  from 
the  elements  resembling  them,  viz.  P,  S,  CI,  and  K,  &c.,  and 
are  associated  with  those  with  which  they  have  but  httle  in 
common. 

This  pecuHar  relationship  cannot  be  attributed  alone  to 
the  unreHable  nature  of  the  observations,  inasmuch  as  the 
magnetic  character  of  oxygen  and  the  diamagnetic  properties 
of  the  nearly  associated  elements  S,  Se,  and  Te  have  been 
estabhshed  by  accurate  and  trustworthy  experiments.  Hence 
it  appears  that,  at  least  in  this  group,  magnetic  properties 
must  be  attributed  to  the  element  with  small  atomic  weight 
which  bears  the  least  resemblance  to  the  other  members  of  the 
same  group.  Hence  the  magnetic  character  of  an  element 
is  not  determined  by  its  atomic  volume,  but  appears  to  be 
nearly  related  to  its  electro-chemical  properties,  and  in  such 
a  way  that  every  magnetic  period  embraces  two  periods  of 
the  electro-chemical ;  further,  these  may  couicide  with  one  and 
the  same  period  of  atomic  volumes,  or  may  extend  over  two. 

Owing  to  the  small  intensity  of  the  magnetic  force  of  the 
majority  of  the  elements,  and  the  disturbing  effect  which  a 
small  amount  of  iron  may  produce,  it  would  appear  that 
although  these  speculations  are  not  sufficiently  rehable,  yet 
they  show  the  necessity  for  a  renewed  and  complete  investiga- 
tion of  the  question. 

§  78.  Although  our  knowledge  of  the  interdependence 
between  the  physical  properties  and  the  atomic  weight  may 
still  be  incomplete,  yet  sufficient  is  known  to  show  the  necessity 
for  the  introduction  of  a  new  departure  in  physical  investi- 
gation. 

In  physics  hitherto  place  and  time  especially  have  been 
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regarded  as  the  variable  quantities  upon  which  phenomena 
depend ;  further,  under  some  circumstances  heat,  temperature, 
electricity,  and  some  other  quantities  have  been  introduced 
into  the  calculation ;  the  substance  experimented  with  appeared 
in  the  calculations  as  mass  only,  expressed  in  weight  and 
number.  The  quality  of  the  substance  was  introduced  into 
the  differential  equation  or  equation  of  conditions,  as  a  con- 
stant varying  with  each  species  of  matter.  Formerly  it  was 
not  customary  to  regard  these  magnitudes  as  variable,  which 
are  dependent  upon  the  nature  of  the  substances.- 

The  intrinsic  nature  of  matter  has  already  received  some 
consideration,  as  far  as  concerns  its  influence  upon  physical 
phenomena,  since  it  has  been  customary  to  determine  the 
physical  constants  of  the  most  diverse  substances.  This 
mtrinsic  natm-e  of  matter  always  remained  of  a  qualitative 
character,  and  it  was  not  possible  to  introduce  these  funda- 
mental variables,  expressed  in  weight  and  number,  mto  calcu- 
lations. A  beginnuag,  although  but  primitive,  has  been  made 
towards  the  true  estimation  of  these  variables.  For  it  has 
been  shown  that  the  numbers  representing  the  atomic  weights 
are  the  variables  by  which  the  real  nature  of  a  substance,  and 
the  properties  depending  upon  it,  are  determmed.  The 
atomic  weight  is  therefore  the  new  variable  to  be  introduced 
into  the  calculations;  the  properties  of  matter  or  physical 
phenomena  are  no  longer  to  be  regarded  as  functions  of  place 
and  time,  &c.,  but  as  functions  of  the  atomic  weights.  The 
mathematical  form  of  this  function  still  remains  to  be  dis- 
covered ;  it  will  in  all  probability  prove  to  be  a  very  strange 
one.  This  function  may  be  discontinuous,  inasmuch  as  for 
certain  cases  of  the  argument  only  real  values  have  been 
obtauied,  viz.  for  the  atomic  weights  of  the  elements  at  present 
known.  There  is  at  present  but  little  probability  of  expressing 
this  relationship  exactly  ;  for  the  determinations  of  the  atomic 
weights  of  some  of  the  elements  are  so  inexact  that  the 
error  may  in  some  cases  amount  to  several  per  cent,  of  the 
whole. 

The  immediate  object  of  investigation  in  this  province  will 
be  to  obtain  empirically  numbers  exhibiting  the  interdepend- 
ence between  the  properties  and  the  intrinsic  nature  of  the 
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elements  and  compounds.  We  may  hope,  however,  that  the 
positions  already  gained  may  prove  a  sufficient  inducement  to 
physicists  to  investigate  thoroughly  and  systematically  the 
physical  properties  of  the  elements  and  of  their  analogous 
compounds.  The  existence  of  such  a  comprehensive  and 
comparable  series  of  observations  would,  by  the  aid  of  suitable 
hypotheses,  facilitate  the  attamment  of  a  common  standpomt 
for  theoretical  considerations. 

§  79.  The  numbers  expressing  the  atomic  weights  form  the 
only  sure  basis  for  a  systematic  arrangement  of  the  elements 
and  their  compounds ;  further,  this  arrangement  resembles  that 
of  organic  compounds.  The  elements  in  the  vertical  series  in 
the  table  on  p.  120  form  a  natm^al  family  (which  are  styled 
'  groups  '  by  Mendelejeff ).  The  horizontal  series  represents  an 
electro-chemical  period,  and  forms  what  Mendelejeff  styles  a 
'  series.'  The  latter  corresponds  to  the  heterologous,  the  fami- 
lies or  groups  to  the  homologous  series  of  organic  compounds. 
Each  family  consists  of  two  classes,  the  members  of  which  are 
most  easily  distmguished  from  one  another  by  their  positions 
on  the  curve  of  atomic  volumes.  The  term  '  group '  is,  in 
order  to  prevent  confusion,  appHed  to  the  classes  of  these 
families. 

The  two  groups  of  the  first  family  are  : 

Li       Na       K       Eb       Cs  — 

Cu       Ag       —  Au 

The  members  of  the  group  A  occur  at  the  maxima  of  the 
curve  of  atomic  volumes ;  whilst  those  of  group  B  occur  near 
the  minima.  These  two  groups  differ  considerably,  but  afford 
certain  analogies,  e.g.  as  regards  the  equivalent  proportions, 
quantitative  composition,  and  isomorphism  of  their  compounds, 
Na  exhibits  isomorphism  with  members  of  the  second  group. ^ 

The  second  family  contains  the  following  metals,  the  mem- 
bers of  the  first  group  occur  on  the  descending  and  those  of 
the  second  on  the  ascending  curve  : 

jj  \A.       Be       Mg       Ca       Sr       Ba  — 
'^B.  Zn      Cd  Hg 

'  Mendelejeff  places  Na  in  the  second  group.    For  its  magnetic  relations, 
vide  p.  151. 
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The  contrast  between  these  two  groups  is  less  striking  than 
in  the  case  of  the  first  family ;  this  is  especially  true  of  the 
elements  zinc  and  magnesium. • 

The  first  two  members  of  the  thu-d  and  fourth  famihes 
occur  near  the  minimum  of  the  curve  of  atomic  volumes, 
whilst  the  other  members  occur  partly  on  the  descending  and 
partly  on  the  ascending  portions  of  the  curve.  Consequently 
the  first  members  of  these  families  do  not  resemble  the  other 
members  as  closely  as  the  members  of  the  first  family 
resemble  one  another ;  in  fact,  these  first  members  resemble 
the  elements  of  one  of  the  groups  only.  The  elements  in  the 
isolated  state  resemble  those  of  one  group,  whilst  their  com- 
pounds to  some  extent  resemble  those  of  the  elements  of  the 
other  group.  If  special  weight  be  attached  to  the  behaviour 
of  the  elements  themselves,  and  due  consideration  be  given 
to  the  difierences  exhibited  in  the  reducibility  of  their  oxides, 
a  property  dependent  upon  their  affinity  for  oxygen,  then 
the  first  members  of  these  families  would  be  counted  as 
members  of  the  groups  situated  on  the  descending  curves.^ 
In  this  group  of  the  third  family,  the  case  is  rendered  more 
complex,  owing  to  the  fact  that  instead  of  one  element  there 
are  three  which  possess  almost  the  same  atomic  weight,  viz. 
lanthanum,  cerium,  and  didymium.  Their  properties  fully 
coincide  with  those  of  the  members  of  this  group,  and  if  only 
one  of  the  three  was  known  we  should  unhesitatingly  place  it 
in  this  position.  As  the  existence  of  these  three  elements  is 
beyond  dispute,  although  it  is  probable  that  not  one  of  them 
has  been  obtained  in  a  state  of  absolute  purity,  it  appears 
advisable  to  treble  this  group,  like  group  VIII.,  so  as  to  make 
room  for  the  numerous  earthy  metals  which  are  supposed  to 
have  been,  or  in  reality  have  been,  recently  discovered.  This 
was  done  ua  the  4th  edition  of  this  book  with  the  idea  that 
further  investigation  of  the  newly  discovered  earth  metals  would 
fill  the  vacant  spaces  in  this  treble  series.  Contrary  to  expec- 
tation, it  now  appears  probable  that  the  Hst  of  the  so-called 

'  In  consideration  of  this  fact,  Mendelejeff  has  arranged  this  family  as 
follows : 

jj  fA.   Be      Ca      Sr      Ba  — 
'\B.        Mg     Zn      Cd      Ng  Hg 
^  Mendelejeff  places  Si  and  Al  in  other  groups. 
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new  earth  metals  will  be  reduced  to  a  small  number.  In  order 
to  avoid  the  numerous  empty  spaces  in  the  table,  Brauner's  • 
arrangement  of  these  elements  has  been  adopted  in  this 
edition,  although  his  classification  can  only  be  regarded  as 
a  temporary  arrangement.  Although  Brauner  has  shown  that 
the  oxides  of  cerium  and  didymium  have  the  composition 
CeO,  and  Di^O^,  this  fact  alone  does  not  justify  us  in  definitely 
classing  these  elements  in  groups  IV.  A  and  V.  A.  Although 
cerium  resembles  zirconium  in  many  respects,  there  are  few 
points  of  resemblance  between  didymium  and  niobium  and 
tantalum.  Its  atomic  volume  is  too  high.  Both  elements 
are  easily  fusible  and  malleable,  and  differ  from  the  other 
refractory  and  brittle  members  of  groups  IV.  A  and  V.  A. 

Of  course  it  is  possible  that  the  missing  elements  between 
cerium  and  tantalum,  and  between  bismuth  and  thorium,  may 
exhibit  a  greater  difference  in  their  properties  from  the 
members  of  the  same  class  with  lower  atomic  weights  than 
these  elements  exhibit  amongst  themselves.  At  the  present 
time  we  are  scarcely  in  a  position  to  determine  whether  the 
curve  of  atomic  volumes  will  in  this  case  be  analogous  to  the 
former  sections  of  the  curve.  The  existence  or  non-existence 
of  the  doubtful  earth  metals  must  be  decided  before  the  posi- 
tion of  the  other  earth  metals  can  be  finally  determined.  If 
we  omit  erbium,  terbium,  decipium,  holmium,  thuHum,  sama- 
rium, &c.,  we  have  the  following  groups  : 

jjj         B       Al       Sc       Y      La      Yb  — 

(B.  Ga     In       —  Tl 

jy  lA.    C       Si       Ti       Zr       Ce       —  Th 
'iB.  Sn  Pb 

In  the  fifth,  sixth,  and  seventh  families  the  minority  con- 
sists of  difficultly  fusible  and  difficultly  reducible  elements, 
occurring  on  the  descending  portions  of  the  curve ;  the  first 
members  belong  to  the  groups  the  members  of  which  occur  on 
the  ascending  portions  of  the  curve.  These  families  contain 
the  following  elements : 

Y  {A.  V       Nb      Di       Ta  — 

'15.    N       P       As       Sb       —  Bi 


'  Chcm.  Soc.  Jour.  Trans.  1882,  78. 
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The  more  abruptly  the  chemical  character  of  the  elements 
m  the  second  group  of  these  families  developes  with  increasing 
atomic  volumes,  so  much  the  more  do  the  isolated  elements  of 
each  group  differ  fi-om  one  another,  whilst,  on  the  other  hand, 
the  resemblance  in  their  compounds  remains  more  marked. 
This  fact  is  illustrated  by  chlorine  and  manganese  in  VII, 

The  eighth  family  consists  of  three  groups,  or  rather,  there 
are  three  groups  arranged  together,  the  members  which  would 
form  a  group  corresponding  to  VII.  B  are,  however,  wanting. 
It  is  at  present  impossible  to  say  whether  such  a  group  could 
exist,  thus  forming  the  link  between  the  negative  elements 
fluorine,  chlorine,  and  the  positive  elements  of  the  alkali  group. 
Owing  to  the  resemblance  exhibited  by  the  members  of  the 
eighth  family,  they  are  not  divided  into  groups,  but  are  placed 
in  one  family  thus  : 

VIII.    Fe    Co    Ni    Eu    Eh     Pd     Os     Ir  Pt 

It  is  of  no  consequence  whether  we  subdivide  these  groups, 
since  they  form  a  link  between  VII.  A  and  1.  B ;  fact  at 
once  evident,  if  we  consider  the  table  of  atomic  weights  on 
p.  120  as  rolled  on  a  vertical  cylinder. 

§  80.  An  acquaintance  vsdth  the  relation  of  the  atomic 
weights  to  one  another,  and  to  the  properties  of  the  elements, 
has  served  in  many  cases  as  a  useful  means  of  avoiding  errors 
and  of  extending  our  knowledge. 

By  its  aid  we  can  determine  pretty  accurately  the  value  of 
the  coefficient  n,  mentioned  in  §§  2  and  3,  in  those  cases 
where  neither  the  law  of  Avogadro  nor  that  of  Dulong  and 
Petit  can  be  applied. 

According  to  CI.  Winkler,^  4-737  parts  by  weight  of  indium 
on  oxidation,  combine  with  one  of  oxygen,  therefore 


Q  :  Q,  =  4-737  :  1  =  w  In  :  0 
In  =  ^'4-737-16-96  =-76-6 


'  Joitrn.  f.  xmkt.  Chem.  1867,  cii.  273. 
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Formerly  it  was  supposed  that  n  =  n\  hence  In  =  75-6  mr! 
In  0  =  75-6  +  15-96. 

Mendelejeffi  used  this  value  for  the  atomic  weight  of  indium 
in  his  first  arrangement  of  the  elements.  But  as  with  this 
atomic  weight  it  would  stand  between  arsenic  and  selenium 
a  position  irreconcilable  with  its  chemical  nature  and  atomic 
volume,  the  author  in  a  paper  ^  on  the  properties  of  chemical 
elements  as  functions  of  their  atomic  weights,  pointed  out 
that  if  71=2  and  n,  =  3,  then  In  =  113-4  and  its  oxide  would 
have  the  formula  ln,0,.  Indium  would  then  stand  between 
cadmium  and  tin,  a  position  analogous  to  that  of  thallium, 
between  mercury  and  lead.  This  supposition  was  shortly 
afterwards  confirmed  by  Bunsen's^  determination  of  the 
specific  heat  of  indium. 

Awdejew^  found  that  4-63  parts  by  weight  of  beryllium  are 
equivalent  to  one  part  by  weight  of  hydrogen.    Nilson  and 
Pettersson^  found  the  corrected  value  to  be  4-54.   The  atomic 
weight,  therefore,  Be  =  n  4.54,  n  being  a  small  number, 
either  1,  2,  or  3.  Berzehus  was  led  by  the  similarity  exhibited 
by  aluminium  and  beryllium  to  suppose  that  w  =  3,  hence  the 
atomic  weight  is  13-6;  Awdejew,  on  the  other  hand,  took 
n  =  2,  and  hence  the  atomic  weight  is  9-08.    This  last  value 
is  the  only  one  which  accords  well  with  the  system  of  atomic 
weights,  for  with  the  atomic  weight  13-6  beryUium  must  be 
placed  between  carbon  and  nitrogen,  a  position  ill-suited  to  an 
electro-positive  metal.    With  the  atomic  weight  9-08  it  must 
be  placed  immediately  after  hthium,  a  position  in  the  series  of 
atomic  weights  completely  analogous  to  that  of  magnesium « 
and  the  other  metals  of  the  alkaline  earths.    Since  this 
position  was  assigned  to  beryllium,  Eeynolds  determined  its 
specific  heat,  and  found  it  to  be  in  accordance  with  the  atomic 
weight  9-08.     Nilson  and  Pettersson,  however,  found  its 
specific  heat  much  smaller  than  it  should  be,  supposing  its 

'  Zeitschr.f.  Cheni.  1869,  N.F.  405. 
Lieb.  Ann.  1870,  Suppl.-Bd.  vii.  362.  Pogg.  Ann.  1870,  cxli.  1. 

*  Bull,  der  Peter sb.  Ahad.  xvi.  45. 

*  Ber.  d.  deut.  chem.  Ges.  1880,  1451. 

'  Be  resembles  Mg  in  forming  a  sparingly  soluble  double  salt  with  ammo- 
nium phosphate— Eossler,  Fres.  Zeits.  1878,  xi.  148. 
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atomic  weight  to  be  13-6.  Brauner's  '  hypothesis  that  the 
specific  heat  of  beryllium,  like  that  of  its  neighbours  boron 
and  carbon,  varies  considerably  with  the  temperature,  has  been 
confirmed  by  the  investigation  of  Nilson  and  Pettersson, 
mentioned  in  §  38.  Further,  Carnelley  has  shown  that  the 
melting  points  of  the  halogen  compounds  of  beryllium  are 
more  in  accord  with  the  atomic  weight  Be  =  9-08.  Since  the 
melting  points  would  ai)pear  quite  irregular  if  the  formula) 
BeClg,  BeBr.,,  &c.  (Be  =  13'6)  are  accei^ted ;  whereas  with  the 
formula  BeCl^,  BeBrg,  &c.  (Be  =  9-08),  the  agreement  is  so 
great  that  Carnelley  was  enabled  to  calculate  them  accurately, 
before  he  had  determined  them  by  experiment.  These  reasons 
decide  in  favour  of  the  atomic  weight  9-08  for  beryllium. 

Mendelejeff,  before  the  specific  heats  of  cerium,  lanthanum, 
and  didymium  were  known,  proposed  that  the  atomic  weights 
of  the  cerite  and  gadolinite  metals  should  be  increased  by  half 
their  present  value. 

Similar  conjectures  have  been  made  for  other  elements, 
which,  although  they  have  not  led  to  accurate  determma- 
tions  of  the  atomic  weight,  yet  they  have  shown  the  improba- 
bility of  some  determinations  which  had  formerly  passed 
uncontested.  For  instance,  the  author  pointed  out  that  in 
the  case  of  uranium,  none  of  the  atomic  weights  U  =  60  or 
U  =  120  could  be  reconciled  with  the  density  of  the  metal 
18-4.  The  value  180  was  more  probable,  but  this  has  become 
much  less  so,  since  Pioscoe  ^  has  shown  that  with  U  =  120  the 
chloride  discovered  by  him  has  the  formula  UCl,  analogous  to 
that  of  molybdenum  M0CI5.  The  atomic  weight  U  =  240 
was  finally  determmed  by  Zimmermann's  investigation  (vide 
§§  23  and  39). 

The  relations  between  the  atomic  weights  and  the  pro- 
perties of  the  elements,  though  useful,  are  still  insufficient 
aids  for  the  determinations  of  the  atomic  weights.  It  can 
be  stated  generally  what  atomic  weights  an  element  cannot 
have ;  but  we  can  only  make  conjectures  as  to  which  is  the 

'  Ber.  d.  deut.  chem.  Ges.  1878,  872. 

'  Proc.  Roy.  Soc.  1879,  No.  197  ;  Phil.  Mag.  [5]  1879,  viii.  371 ;  Chem.  Soc. 
Jcnirn.  1880,  126. 

'  Ber.  d.  deut.  chem.  Qes.  1874, 1131. 
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real  atomic  weight  of  an  element.  That  this  is  the  case,  and 
that  we  cannot  assign  an  atomic  weight  to  an  element  from 
the  determination  of  its  equivalent  alone,  is  shown  by  the 
fact  that,  based  upon  these  relations,  very  different  conclu- 
sions have  been  drawn  as  to  the  atomic  weight  of  one  and 
the  same  element.  Thus,  for  example,  Mendelejeff  proposed, 
at  two  different  periods,  the  following  atomic  weights : 


1869  1871 

Eb=  56  Eb  =  178 

Y=  60  Y=  88 

In=  75-6  In  =  113 

Ce=  92  Ce  =  140 


1869  1871 

La=  94  La  =  180 

Di=  95  Di  =  138 

Th  =  118  Th  =  231 

U  =  116  U  =  240 


The  values  proposed  in  1869  have  proved  to  be  incorrect, 
as  also  has  the  atomic  weight  of  lanthanum  proposed  in  1871. 

§  81.  The  regularities  exhibited  by  the  numbers  repre- 
senting the  atomic  weights  have,  moreover,  led  to  a  correction 
of  stochiometric  constants. 

The  atomic  weight  of  caesium  was  found  by  Bunsen,  who 
experimented  with  a  very  small  quantity  of  this  rare  element, 
to  be  123-4.  This  number  disturbs  the  regularity  observed 
in  the  differences  between  the  atomic  weights  of  the  alkali 
metals  thus  : 

Li  =  7-01,  Na  =  22-99,  K  =  39-04,  Rb  =  85-2  (Cs  =  123-4). 
Differences  15-98       16-05  46-16  38-2 

It  was,  therefore,  to  be  expected  that  the  atomic  weight  of 
caesium  would  be  somewhat  larger  than  123-4,  an  expectation 
which  the  experiments  of  Johnson  and  Allen  ^  have  shown  to 
be  correct.  These  chemists  found  the  atomic  weight  of  caesium 
to  be  132-7,^  a  number  which  was  immediately  confirmed  by 
Bunsen.^  By  using  this  number  the  irregularities  exhibited 
by  the  differences  between  the  atomic  weights  of  these  metals 
disappear,  thus : 

Li  =  7-01,  Na  =  22-99,  K  =  39-04,  Eb  =  85-2,  Cs  =  132-7 
Differences  16-98  16-05  46-16  47-5 

•  Sill.  Amcr.  Journ.  [2]  1868,  xxxv.  94. 

-  This  number  is  calculated  supposing  Ag  =  107-66  and  01  =  33-37,  but  taking 
the  numbers  used  by  Johnson  and  Allen,  Ag  =  107-94  and-  01  =  35-46,  then 
Cs  =  133-0.  '  Pogg-  Ann.  1863,  cxix.  1. 
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According  to  the  relations  between  the  atomic  weights  of 
the  elements  given  in  §§  61  and  64,  it  is  probable  that 

Os<Ir<Pt<Au, 

whilst  the  older  determinations  give 

Os  >  Ir  =  Pt  >  All, 

thus  showing  the  necessity  for  new  atomic  weight  determina- 
tions for  these  elements.  In  fact,  K.  Seubert  >  concludes  that 
Ir  <  Pt  and  Pt  <  Au,^  and  J.  Thomsen  ^  has  detailed  experi- 
ments which  show  that  the  accepted  atomic  weight  of  gold 
(Au  =  196-2)  is  too  small."*  Proof  is  still  wanting  in  the  case 
of  osmium ;  and  although  the  atomic  weight  of  Os  =  198-6  is 
some  six  units  too  large,  yet  it  would  not  be  permissible  to 
alter  the  atomic  weight  so  as  to  accord  with  the  system,  unless 
new  quantitative  determinations  of  the  atomic  weights  showed 
such  a  change  to  be  requu-ed. 

From  the  analogy  with  its  associates,  tellurium  should  come 
before  iodine  in  the  series  of  atomic  weights.  The  atomic 
weight  of  tellurium  has  been  redetermined  by  W.  L.  Wills,-5 
and  Te  =  127-8  is  given  as  the  mean  of  the  majority  of  the 
analyses.  This  number  is  larger  than  the  value  which  Stas 
was  led,  from  very  exact  determinations,  to  assign  to  iodine, 
viz.  I  =  126-53.  But  since  the  mean  of  some  of  the  analyses, 
although  differing  considerably  from  the  others,  yet  agreeing 
well  amongst  themselves,  give  the  atomic  weight  of  tellurium 
Te  =  126-3,  this  number  may  be  employed  until  further  ex- 
periments have  been  made. 

§  82.  In  cases  where  the  atomic  weights  as  determined 
by  several  investigators  or  by  different  methods  differ  con- 
siderably, it  is  often  possible  to  distinguish  between  the  correct 
and  incorrect  results. 

'  Inaug.  Diss.  Tubingen,  1878  ;  Ber.  cl.  deiit.  chevt.  Ges.  1878,  1767. 

^  Lieb.  Ann.  1880.  ccvii.  29. 

•■'  Journ.  f.  prakt.  Clicm.  1876,  N.F.  xiii.  346. 

'  Kruss  {Ber.  cl.  deut.  chem.  Ges.  Feb.  1887)  gives  as  the  results  of  his 
determinations  the  atomic  weight  196-64  for  gold,  whilst  Thorpe  and  Laurie,  in 
a  paper  communicated  to  the  Chemical  Society,  April  1887,  assign  to  this 
element  the  atomic  weight  196-85  as  the  mean  of  their  experimental  results 

^  Chein.  Soc.  Journ.  1879,  704. 
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The  atomic  weight  of  molybdenum  has,  according  to  some 
investigators,  been  found  to  be  96,  and  by  others  to  be  92  (in 
round  numbers).  There  was  but  little  probability  in  favour 
of  the  correctness  of  this  latter  determination,  for  then 
molybdenum  must  be  placed  in  an  entirely  false  position 
in  the  system  of  atomic  weights,  viz.  before  niobium.  The 
more  recent  experiments  of  Liechti  and  Kempe '  have,  in 
fact,  shown  the  error  of  this  last  atomic  weight  determina- 
tion. 

An  examination  of  the  atomic  weights  of  the  following 
groups  of  elements 


Difference 

Dift'ereuce 

Fe  =  55-9 

47-6 

Ru  =  103-5 

95-1 

Os  =  198-6 

Co  =  58-6 

45-5 

Rh  =  1041 

88-6 

Ir  =  192-7 

Ni  =  r)8-6 

47-6 

Pd  =  106-2 

88-1 

Pt  =  194-3 

Cvi  =  63-2 

44-5 

Ag  =  107-7 

88-5 

An  =  196-2 

Zn  =  64-9 

46-8 

Cd  =  111-7 

88-1 

Hg  =  199-8 

Ga  =  69-9 

43-5 

In  =  113-4 

90-3 

Tl  =  203-7 

Zn  =  117-4 

89-0 

Pb  =  206-4 

As  =  74-9 

47-1 

Sb  =  122-0 

88-0 

Bi  =  210-0 

45-1 

Sb=:1200 

87-5 

Bi  =  207-5 

shows  the  dilferences  between  the  atomic  weights  of  their 
members  to  be  approximately  the  same.  In  the  case  of 
osmium,  however,  its  atomic  weight  appears  to  be  some  six 
or  seven  units  too  large,  whilst  that  of  indium  appears  about 
two  units  too  small.  No  conclusion  can  be  drawn  as  to 
whether  the  atomic  weight  of  antimony  is  120,  as  found  by 
Schneider  ^  and  confirmed  by  Cooke,^  or  whether  it  is  122,  as 
found  by  Dexter and  coniirmed  by  Kessler.^  Although  the 
difference  between  the  atomic  weights  of  arsenic  and  anti- 
mony is  47  when  the  number  122  is  accepted,  yet  the  latest 
determinations  of  Cooke''  show  that  the  number  120  is  to  be 

'  Lieb.  Ann.  1873,  clxix.  360. 

2  Pogg.  Ann.  xcvii.  483  ;  xcviii.  293  ;  Ann.  Chem.  PJiarm.  c.  120. 

3  Proc.  of  the  Amer.  Acad,  of  Arts  and  Science,  xii.  1 ;  Sill  Journ.  [8]  xv 
41,  107 ;  Bcr.  d.  deut.  chem.  Ges.  1878,  255. 

Pogg.  Ami.  c.  570. 
s  Ibid,  cxiii.  145  ;  Das  Atomgeioicht  des  Antimons,  Bochum,  1879. 
"  Proc.  Amer.  Acad.  March  10,  1880,  251. 
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preferred.  It  may,  however,  be  safely  asserted  that  should 
Schneider's  number  prove  to  be  correct,  then  his  determina- 
tion of  the  atomic  weight  of  bismuth,  viz.  Bi  =  207"6,'  is 
probably  correct,  whilst  Dexter's  atomic  weight  of  antimony 
is  only  adapted  to  Dumas'  ^  atomic  weight  of  bismuth,  viz. 
Bi  =  210. 

The  relations  of  the  dilferences  between  atomic  weights 
justify  us  in  making  a  selection  from  different  experimental 
results ;  still  our  knowledge  is  too  uncertain  to  allow  of  theo- 
retical adjustments  of  numbers  obtained  by  experiments. 
There  can  be  no  doubt  as  to  the  fact  that  these  differ- 
ences are  subject  to  law.  When  the  small  deviations  in  the 
values  obtained  for  these  differences  are  disregarded,  the 
matter  appears  more  simple  than  it  in  reality  is.  For  in- 
stance, if  for  the  elements  with  small  atomic  weights  suitable 
round  numbers  are  used,  a  general  differgnce  of  16  is  obtained, 
thus  : 


Difference 

Li 

=  7 

Be  = 

8 

16 

16 

Difference 

B  = 

11 

0  = 

12 

N  =  14 

0  =  16 

F  =  19 

Na 

=  23 

Mg  = 

24 

10 

16 

16 

16 

16 

16 

16 

Al  = 

27 

Si  = 

28 

P  =  3C 

S  =  32 

01  =  35 

K 

=  39 

Ca  = 

40 

But  the  atomic  weights  which  are  used  to  attain  such  a 
regularity  differ  considerably  from  the  values  obtained  by 
experiment.  To  some  extent  these  deviations  may  be  re- 
garded as  arising  from  errors  in  the  determinations  of  the 
atomic  weights.  That  this  cannot  be  asserted  of  all  has 
appeared  probable  for  some  time,  but  the  investigations  of 
Stas  have  placed  this  beyond  question.  Liebig's^  remarks, 
made  some  years  ago  on  Front's  hypothesis,  are  apphcable 
in  this  case  also.  The  values  of  the  numbers  and  their 
relations  'are  stated  as  facts;  the  law  upon  which  these 
numbers  are  based  is,  however,  unknown  to  us.'  Hence 
chemists,  in  order  to  exhibit  some  possible  connection,  have 
never  been,  and  are  certamly  not  at  present  justified  in 

'  Pogg.  Ann.  Ixxxii.  803  ;  Licb.  Ann.  Ixxx.  204. 
«  Ann.  Chim.  Phys.  [3]  1859,  Iv.  177. 
'  Licb.  Ann.  1853,  Ixxxv.  256. 
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making  arbitrary  changes  and  corrections  in  the  atomic  weights 
obtained  empirically.  Such  changes  have  been  too  frequently 
proposed,  but  can  only  be  justified  when  based  upon  more 
exact  experimental  evidence. 

§  83.  Speculations  upon  the  existence  and  properties  of 
the  elements  required  to  fill  the  blanks  occurring  in  the 
systematic  arrangements  of  the  elements  according  to  their 
atomic  weights  although  attractive  are  inconclusive.  Such 
blank  spaces  are  found  in  many  of  the  series  given  in  the 
table  in  §  61 ;  their  number  was  at  first  much  larger ;  the 
corrections  in  the  atomic  weights  described  in  the  foregoing 
paragraphs,  have  served,  by  assigning  elements  to  them,  to 
lessen  this  number. 

Mendelejeff  ^  has  gone  a  step  further,  and  has  been  able  to 
draw  many  happy  conclusions  regarding  the  properties  of  the 
still  undiscovered  elements,  which  will  fill  up  some  of  these 
blank  spaces. 

The  possibility  of  so  doing  is  based  on  the  conception  that 
the  properties  of  the  elements  in  the  series,  and  also  in  the 
■  groups,  vary  in  a  more  or  less  continuous  manner,  although 
to  different  extents.  In  many  cases  the  resemblance  is  greater 
amongst  the  members  of  the  groups  than  amongst  those  of 
the  series ;  for  example,  there  is  a  greater  similarity  between 
Ca,  Sr,  and  Ba  than  between  Kb,  Sr,  and  Y.    In  other  cases 
the  reverse  holds  good,  a  greater  resemblance  being  exhibited 
by-  the  members  of  the  series  Mn,  Fe,  Co,  and  Ni  than  by  the 
members  of  either  of  the  groups  Fe,  Eu,  Os,  or  Co,  Eh,  and 
Ir,  &c.    The  properties  of  an  element  are,  as  a  rule,  the 
means  of  those  of  its  neighbours  in  the  groups  on  the  one 
hand,  and  of  the  series  on  the  other.   Mendelejeff  ^  styles  these 
four  elements  so  related,  '  atomic  analogues.'    The  '  atomic 
analogues'  of  selenium  are,  on  the  one  hand,  sulphur  and 
tellurium  ;  arsenic  and  bromine  on  the  other.    The  relations 
between  then-  densities,  atomic  weights,  and  atomic  volumes 
are  exhibited  in  the  following  table,  and  they  exhibit  similar 
relations  in  their  other  properties. 


>  Lieb.  Ann.  1871 ;  Suppl.  viii.  196. 
-  Loc.  cit  165 


INDICATIONS  OF  UNDISCOVEEED  ELEMENTS  165 
Density  Atomic  \y eight  Atomic  Volume 


S 
2-04 

S 

31-98 

S 
15-7 

As 
5-67 

Se 
4-C 

Br  As 
2-97  74-9 

Se 
78-87 

Br  As 
79-76  13-2 

Se 
17-2 

Br 
26-9 

Te 
6-25 

Te 
126-3 

Te 
20-2 

By  similar  considerations  Mendelejeff  was  led  to  predict  the 
properties  of  the  element  situated  between  boron  and  yttrium, 
to  which  he  gave  the  name  '  ekaboron,'  and  also  those  of  the 
element  between  aluminium  and  mdium,  which  he  styled 
'  eka-aluminium.'  Some  of  the  properties  ascribed  to  eka- 
ahimmium  were  found  to  correspond  with  those  of  the 
element  gallium,  discovered  later  on  by  Lecoq  de  Boisbau- 
dran.  This  led  Mendelejeff  to  predict  that  not  only  would  the 
atomic  weight  of  gallium  be  68,  but  that  its  properties  would 
correspond  with  those  of  the  element  '  eka-aluminium.'  This 
prediction  has,  in  all  important  respects,  proved  to  be  correct, 
even  m  regard  to  those  points  to  which  the  first  observations 
of  the  discoverer  were  apparently  opposed.  For  instance,  the 
discoverer  first  attributed  the  density  4-7  to  this  element,  but 
according  to  Mendelejeff's  prediction,  the  density  should  have 
been  5*9 ;  a  new  determination  with  purer  material  confirmed 
the  correctness  of  this  prediction — the  density  was,  in  fact, 
found  to  be  5  "96. 

Nilson '  discovered  scandium,  and  on  the  ground  of  a 
preliminary  investigation,  made  with  three  decigrams  of 
impure  oxide  containing  ytterbium,  he  regarded  Sc 
tetravalent  metal,  having  an  atomic  weight  of  about  170. 
Cleve,2  however,  pointed  out  that  the  true  atomic  weight  of 
Sc  is  45  and  that  the  metal  is  identical  in  all  its  properties 
with  ekaboron.  This  result  was  afterwards  confirmed  by  Nil- 
son,^  who  found  the  atomic  weight  of  pure  scandium  to  be  44. 

It  is  much  easier  to  make  conjectures  as  to  the  unknown 
properties  of  known  elements.  Before  the  density  and  melting 
point  of  caesium  were  determined,  these  properties  were  given 
in  the  table  of  atomic  volumes  and  melting  points  almost 

'  Bcr.  d.  deui.  chem.  Ges.  1879,  xii.  554.      Compt.  rend.  1879,  Ixxxix.  419. 
'  Ber.  d.  detU.  chem.  Ges.  1880,  xiii.  1441. 
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exactly  as  found  by  Setterberg.  The  specific  heat  of  caesium, 
c  =  0*05,  could  also  be  predicted  with  certainty. 

The  prediction  of  the  properties  of  undiscovered  elements  is 
one  of  the  most  attractive,  but  also  most  difficult,  problems  of 
the  science  of  chemistry.  It  resembles  to  some  extent  the  predic- 
tion, so  astonishing  to  the  uninitiated,  of  undiscovered  planets. 
Although  the  problem  is  not  dissimilar  to  that  presented  to  the 
astronomer,  yet  it  must  not  be  forgotten  that  the  aids  afforded 
by  chemistry  for  its  solution  are  much  weaker  and  less 
reliable  than  those  of  astronomy,  which  depend  on  the  dyna- 
mical principle  of  Newton's  law  of  gravitation. 

But  although  convinced  of  the  fallibility  of  our  methods, 
yet  it  is  always  permissible  to  test  them  by  predicting,  as 
accurately  as  possible,  the  properties  of  still  undiscovered 
elements ;  so  that  we  may  afterwards  compare  them  with  the 
results  of  observation,  and  hence  form  some  conception  of  the 
value  of  such  theoretical  speculations. 

§  84.  The  laws  relating  to  the  atomic  analogues  are  not 
general,  inasmuch  as  the  first  members  of  the  entire  series,  as 
far  as  and  including  silicon,  exhibit  an  entirely  different 
periodicity.  Hence,  for  example,  nitrogen  can  scarcely  be 
regarded  as  the  analogue  of  vanadium,  or  oxygen  as  that  of 
chromium.  The  elements  with  small  atomic  weights,  from 
hydrogen  to  silicon,  form  a  series  of  what  Mendelejeff  styles 
typical  elements,  and  may  be  regarded  as  types  of  the  others. 
Mendelejeff  does  not  consider  aluminium  and  silicon  as 
belonging  to  these  elements,  although  the  great  differences 
between  them  and  the  easily  fusible  and  easily  reducible 
members  of  the  corresponding  groups — viz.  Ga,  In,  Tl,  and 
—  Sn,  Pb — necessitate  such  a  classification.  These  large 
periods  commence  with  phosphorus,  in  which  elements  simi- 
larly situated  exhibit  complete  analogies.  This  is  shown  in 
the  following  table : 

Types      Li    Be   B     C     N    0     F  Na  Mg  Al  Si 

P     S  CI  K     Ca   Sc  Ti  V     Cr    Mn  Fe   Co    Ni  Cu   Zn  Ga  — 

As   Se  Br  Eb  Sr    Y  Zr  Nb  Mo  —    Ru  Eh  Pd  Ag  Cd  In  Sn 

Sb  Te  I  Cs   Ba  La  Ce  Di   —   —    —    —    —  —    —    —  — 

-  —  —    —    Yb  —  Ta  W    —    Os   Ir    Pt  Au  Hg  Tl  Pb 

15i    —  —  —    —    -  Th  —  U 
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The  typical  elements  following  nitrogen  exliibit  but  little 
ancalogy  with  the  groups  placed  below  them ;  the  analogy  is, 
however,  somewhat  more  striking  after  magnesium.  Hence 
the  following  arrangement  would  also  appear  to  be  justi- 
fiable : 

Li   Be   B  C 
N    0     F     Na  Mg  Al  Si 

P     S     CI    K     Ca  Sc    Ti    V     Cr    Mn  Fe   Co  Ni    Cu   Zn  Ga  — 
As   Se   Br   Eb   Sr    Y    Zr    Nb  Mo  —   Eu  Eh  Pel  Ag  Ccl  In  Sn 
Sb  Te   I     Cs    Ba  La  Ce   Di    —    —    —    —    —    —    —    —  — 

—   —    —    —    —    Yb  —    Ta  W    —    Os   Ir    Pt    Au  Hg  Tl  Pb 

Bi   —   —    —    —    —    Th  —  U 

As  early  as  1869  Mendelejeff '  pointed  out  that  the  elements 
regarded  as  typical  are  widely  distributed  in  nature,  as  are 
also  those  in  their  immediate  proximity,  as  far  as  calcium. 
Of  all  the  other  elements  there  is  only  iron,  and  perhaps 
manganese  and  arsenic,  which  occur  in  quantities  approach- 
ing the  others.  This  occurrence  is  possibly  a  consequence 
of  the  smallness  of  their  atomic  weights ;  nevertheless,  it  is 
remarkable  that  three  elements — Li,  Be,  and  B — with  the 
smallest  atomic  weights  next  to  hydrogen  belong  to  the  rare 
elements. 

§  85.  Mendelejeff^  represents  the  relations  described  in  the 
above  paragraphs  somewhat  differently.  The  table  on  the  next 
page  illustrates  his  arrangement  of  the  elements. 

In  this  table  the  families  are  denoted  by  Eoman  numbers, 
and  the  series  by  Arabic.  According  to  Mendelejeff,  the  ele- 
ments occurring  in  the  uneven  series  may  be  distinguished 
from  those  in  the  even  ones  by  certain  characteristic  proper- 
ties. The  characteristic  properties  which  Mendelejeff  gave  do 
not  always  meet  the  case.  For  instance,  he  states  '  that  the 
members  of  the  even  series  possess  the  basic  character,  whilst 
the  corresponding  elements  in  the  uneven  series  have  more  of 
the  acid  nature.'  He  soon  discovered  that  this  is  not  generally 
true,  and,  in  order  to  lessen  the  exceptional  cases,  Cu,  Ag,  Au 
are  surrounded  by  brackets  in  the  first  group,  and  then  placed 
in  group  VIII,  in  the  even  series.    But  even  with  this  the 

'  Zeitschr.  f.  Chemie,  N.F.  18G9,  v.  405, 
^  Lieb.  Ami.  1871 ;  SuppL  viii.  151. 
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electro-positive  elements  remain  in  exceptional  positions  ; 
thus  Na,  Mg,  Zn,  Cd,  Hg,  Al,  In,  Tl,  and  Pb  remain  as 
positive  and,  in  part,  as  strongly  positive  elements,  A  con- 
sideration of  the  matter,  unfettered  by  preconceived  notions, 
shows  that  as  many  positive  as  negative  elements  occur  in 
the  even  series,  namely,  twelve  of  each  kind.    It  is  easy  to 


Mendelejeff's  Table. 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII. 

1 

H 
1 

 j 

2 

Li 
7 

Be 
9-4 

B 
11 

C 
12 

N 
14 

0 
16 

F 
19 

3 

Na 
23 

Mg 
24 

Al 
27-3 

Si 
28 

P 
31 

S 
32 

CI 
35-5 

4 

K 
39 

Ca 
40 

Sc 
44 

Ti 

48 

V 
51 

Cr 
52 

Mn 
55 

Fe 
5G 

Co 
59 

Ni 
59 

Cu 
63 

5 

(Cu) 
G3 

Zn 
05 

Ga 
09 

72 

As 
75 

Se 
78 

Br 
80 

6 

Rb 

85 

Sr 
87 

?  Y 
88 

Zr 
90 

Nb 
94 

Mo 
96 

100 

Ru 
104 

Rh 
104 

Pd 
106 

Ag 
]08 

7 

(Ag) 
108 

Cd 
112 

In 
113 

Sn 
118 

Sb 
122 

Te 
125 

I 
127 

8 

Cs 
133 

Ba 
137 

?  Di 
138 

?  Ce 
140 

9 

(-) 

10 

■?  Er 
178 

?  La  ' 
180 

Ta 
182 

W 
184 

Os 
195 

Ir 
197 

Pt 
198 

Au 
199 

11 

(Au) 
199 

Hg 
200 

Tl 
204 

Pb 
207 

Bi 
208 

12 

Th 
231 

U 
240 

understand  that  such  a  division  of  the  elements  mto  twelve 
series  is  arbitrary.  A  comparison  with  the  table  in  §  61  shows 
that  a  line  may  be  drawn  before  or  behind  any  group,  and 

'  An  assumption  not  confirmed  by  experiment. 
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still  scries  analogously  constituted  are  obtained;  so,  for 
example — 

Li,  Be,  B,  C,    N,    0,   F    |  Na,  Mg,  Al,  Si,  P,    S,  Ci  |  &c. 

ov  Be,  B,  C,  N,    0,    F,    Na  |  Mg,  Al,  Si,  P,    S,    01,  K  |  „ 

„  B,    0,  N,  0,   F,   Na,  Mg  |  Al,  Si,  P,  S,    01,  K,  Oa  |  ., 

„  0,    N,  0,  F,    Na,  Mg,  Al   j  Si,   P,  S,  01,  K,    Ca,  —  |  „ 

„  N,    O,  F,  Na,  Mg,  Al,  Si    |  P,    S,  01,  K,    Oa,  —  Ti 

and  so  on. 

Each  series  will,  divide  it  as  you  may,  always  contain 
elements  which  are  positive  and  negative,  malleable  and  brittle, 
difficultly  fusible  and  easily  fusible  and  volatile.  From  the 
explanations  already  given  it  is  seen  that  this  cannot  be 
otherwise. 

§  86.  In  all  these  speculations  we  must  not  lose  sight  of 
the  fact  that  the  general  law  upon  which  the  relations  between 
the  properties  of  an  element  and  its  atomic  weight  depend  is 
still  unknown.  There  are  many  of  the  groups  of  elements 
formed  by  the  systematic  arrangement  of  the  atomic  weights 
the  properties  of  the  members  of  which  would  scarcely  warrant 
then-  classification  as  a  natural  family,  had  not  the  relations 
of  the  numbers  expressing  their  atomic  weights  indicated  the 
necessity  for  such  a  classification.  To  whom  would  it  ever 
occur  to  regard  boron  and  thallium,  oxygen  and  chromium, 
or  fluorine  and  manganese,  as  members  of  the  same  group  ? 
Silver  has  frequently  been  placed  amongst  the  alkali  metals, 
but  gold  and  copper  have  never  hitherto  been  associated  with 
them.  In  fact,  the  position  of  these  metals,  including  silver, 
has  been  so  much  a  matter  of  doubt  that  formerly  they  were 
not  placed  in  the  atomic  weight  series,  but  were  placed  at 
the  end  of  this  series — a  positipn  indicating  our  uncertainty 
with  regard  to  these  elements.  The  uncertainty  of  our  know- 
ledge is  also  shown  by  the  different  results  obtained  when 
attempts  have  been  made  to  classify  the  elements  by  means 
of  any  other  properties  save  the  fixed  numerical  values  of 
their  atomic  weights.' 

There  can  no  longer  be  any  doubt  that  the  system  of  the 

'  This  is  well  illustrated  by  the  repeated  changes  in  the  position  of  the 
elements  in  Mendelejeff's  various  papers  on  the  subject ;  also  by  the  tortuous 
linos  on  Baumhauer's  spiral  table. 
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elements  based  upon  the  values  of  their  atomic  weights  will 
form  the  basis  of  future  doctrines  of  comparative  affinity. 
Still  the  advances  made  hitherto  do  not  suffice  for  the  founda- 
tion of  this  theory  deductively  from  one  or  a  few  general 
principles.  We  must  advance  by  the  aid  of  induction  and 
with  special  care,  steadily  remembering  the  words  of  Bacon : 
*  Gestit  enim  mens  exsilire  ad  magis  generalia,  ut  acquiescat, 
et  post  parvam  moram  fastidit  experientiam.'  •  Hence  the 
natural  tendency  to  generalise  must  be  kept  in  check  as  much 
as  possible,  and  we  must  still  depend  upon  experimental 
observations  for  our  advance  in  this  unexplored  province. 
Hypotheses  may  certainly  be  used  to  aid  our  progress,  but 
only  when  these  are  carefully  distmguished  from  the  results 
of  observation ;  for  if  we  are  to  reap  the  expected  fruit  from 
such  a  rich  field,  free  from  the  tares  of  error,  then  care  must 
be  taken  not  to  confuse  theory  and  observation.  This  pro- 
gress will  necessitate  quite  a  new  series  of  observations,  old 
observations  must  be  confirmed,  and  in  some  cases  corrected, 
and  many  new  ones  made.  There  is  still  much  work  for 
the  hands  and  mind;  but  it  will  be  thoroughly  rewarded. 
The  prize  is  a  systematic  inorganic  chemistry  which  will  not 
fear  comparison  with  the  thoroughly  developed  system  of 
organic  chemistry. 


'  Nov.  Org.  I.  AjDhor.  xx. 
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PART  n. 

STATICS    OF    THE  ATOMS. 

VI. 

FOEMS  OF  COMBINATION.    TYPES.  ' 

§  87.  The  value  and  the  importance  of  the  two  hypotheses 
which  are  especially  used  for  determining  atomic  weights,  viz. 
Avogadro's  and  Dulong  and  Petit' s,  can  only  be  thoroughly 
appreciated  when  these  atomic  weights  are  employed  to  repre- 
sent the  composition  of  chemical  compounds.  The  statement 
which  Laurent '  justly  made  concerning  the  atomic  weights 
deduced  from  Avogadi'o's  law  alone,  is  still  more  applicable  to 
the  atomic  weights  deduced  by  the  aid  of  both  hypotheses. 
If  the  composition  of  chemical  compounds  is  expressed  by 
means  of  these  atomic  weights, '  we  then  obtain  those  chemical 
formulfe  which  exhibit  the  greatest  simplicity^  best  indicate 
the  analogies  between  different  substances,  agree  best  with  the 
regularities  m  their  boiling  points  and  with  isomorphism,  and 
most  clearly  explain  the  chemical  changes  of  bodies ;  in  short, 
thoroughly  fulfil  all  the  requirements  of  chemists.' 

Avogadro's  hypothesis  in  particular  has  exerted  a  great 
influence  on  the  development  of  chemical  theories.  It  was 
only  after  it  had  been  received  and  put  into  practice  that  the 
most  important  of  those  laws  which  govern  the  union  of  the 
atoms  to  form  compounds  were  acknowledged. 

The  commencement  of  a  general  chemical  theory  has 
arisen  from  Avogadro's  ideas.  This  theory  endeavours  to 
explain  the  atomic  constitution  of  compounds  and  many  of 
their  properties  by  the  peculiar  and  invariable  forces  and 
properties  dwelhng  in  the  individual  atoms,  which  are  character- 
istic of  the  different  elements. 

'  Laurent,  Mithocle  de  Chimic,  89. 
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The  first  development  of  this  theory  is  the  commencement 
of  a  doctrine  of  the  equihbrium  of  the  atoms,  marking  a  new 
epoch  in  the  history  of  chemical  statics. 

Having  already  considered  the  means  which  led  to  a  logical 
and  accurate  determination  of  the  weight  and  properties  of 
the  atoms,  we  can  now  turn  to  a  description  of  the  beginning 
which  has  been  made  in  the  statics  of  the  atoms. 

The  relative  masses  of  the  atoms,  the  atomic  weights  de- 
termmed  by  the  methods  already  described,  form  the  basis  of 
the  statics  of  the  atoms.  They  are  the  invariable  values,  the 
constants  of  the  theory. 

§  88.  In  order  to  recognise  the  general  laws  which  govern 
the  union  of  the  atoms  to  form  compounds,  it  is  in  the  first 
place  necessary  to  learn  the  composition  of  a  molecule  of  each 
compound,  or,  in  other  words,  the  composition  of  the  smallest 
particles  of  each  substance  which  cannot  be  further  divided 
without  changing  the  nature  of  the  substance.  The  deter- 
mination of  the  weight  of  these  groups  of  atoms  called  mole- 
cules is  accomphshed  with  a  degree  of  probability  approaching 
certainty,  in  the  case  of  gaseous  compounds,  by  means  of 
Avogadro's  hypothesis,  that  under  the  same  pressure  and  tem- 
perature equal  volumes  of  all  gases  contain  the  same  number 
of  molecules,  and  consequently  the  molecular  weight  is  pro- 
portional to  the  density.    (Jtt  =  28-87.  cl,  see  §  16.) 

The  building  up  of  an  expression  composed  of  atomic 
symbols  for  the  composition  of  the  molecule  of  a  chemical 
compound  is  by  no  means  new,  being  as  old  as  the  atomic 
theory  itself.  It  has  come  into  general  use  since  the  intro- 
duction of  Berzelius'  atomic  symbols,  which  have  replaced  the 
less  convenient  symbols  of  Dalton.  But  a  very  different 
signification  has  been  attached  to  these  expressions  of  the 
composition,  the  formulae  of  chemical  compounds,  not  only 
at  different  times,  but  even  at  the  same  time  by  different 
chemists. 

These  changes  in  definition  are  exceedingly  interesting  and 
instructive,  not  only  to  the  historian  of  chemistry,  but  also  to 
the  student  of  the  spirit  of  investigation  in  man.  They  offer 
an  excellent  example  of  the  endeavours  of  this  spirit,  which 
often  sets  itself  lofty  j)roblems  and  works  actively  at  their 
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solution,  then  almost  despairing  of  the  possibility  of  their 
solution,  finally,  after  repeated  endeavours,  approaches  nearly 
to  the  goal  which  at  first  appeared  so  distant. 

Since  Dalton's  time  two  essentially  different  ideas  have 
been  opposed  to  each  other.  One  declares  that  not  only  the 
knowledge  of  the  building  up  of  the  molecules  from  atoms, 
but  also  the  discovery  of  the  manner  in  which  these  atoms  are 
united  to  form  a  molecule,  is  a  problem  which  can  be  solved 
by  investigation,  the  other  view  regards  the  investigation  of 
these  matters  as  vain  and  fruitless,  and  uses  chemical  formulae 
merely  as  an  expression  of  the  proportions  by  weight  of  the 
constituents  of  a  compound  as  found  by  analysis.  The  sup- 
porters of  the  first  view  intend  to  represent  by  the  symbols  of 
Berzelius  the  really  existing  atoms,  and  to  express  by  chemical 
formulfe  how  many  of  these  atoms  combine  to  form  a  molecule 
of  the  compound.  The  symbol  H  is  used  by  them  as  the 
expression  of  a  real  value  for  an  atom  of  hydrogen,  0  for  an 
atom  of  oxygen,  and  the  formula  H„0  denotes  that  a  particle 
or  molecule  of  water  consists  of  two  atoms  of  hydrogen  and 
one  atom  of  oxygen.  The  results  of  recent  investigations  have 
silenced  or  converted  the  cautious  opponents  of  these  bold 
views.  They  doubted  or  disputed  the  possibihty  of  gaining  a 
ghmpse  at  the  constitution  of  compounds,  and  they  regarded 
the  chemical  symbols  not  as  representing  the  atoms,  but 
merely  as  representing  empirical  stochiometric  quantities.  It 
is  a  matter  of  indifference  to  them  whether  the  composition 
of  water  is  represented  by  or  HO.  The  empirical  result 
of  analysis,  according  to  which  water  contains  7-98  parts  of 
oxygen  to  one  part  by  weight  of  hydrogen,  can  be  equally 
well  represented  by  either  formula ;  only  in  the  first  case  6 
must  represent  a  quantity  of  oxygen  which  is  15-96,  i.e. 
2  X  7-98  times  as  great  as  the  amount  of  hydrogen,  which  is 
represented  by  H,  whilst  the  second  formula  requires  that 
H  :  0  =  1  :  7-98. 

These  two  views  were  not  always  directly  opposed,  the 
opposition  between  them  has  always  been  toned  down  to  a 
certain  extent  by  the  existence  of  less  extreme  ideas.  This 
contrast  was  most  marked  during  the  twenty  years'  discussion 
which  led  to  the  adoption  of  the  present  system  of  or^ranic 
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chemistry,  which  is  ■  essentially  that  proposed  by  Gerhardt. 
The  defenders  of  this  system  have  shown  the  full  value  of 
Avogadro's  hypothesis  and  have  prepared  the  way  for  the 
recent  investigation  of  the  laws  which  govern  and  determine 
the  union  of  the  atoms  to  form  molecules.  They  were  at  first 
the  declared  opponents  of  the  supposition  that  it  is  possible  to 
recognise  the  mutual  relation  of  the  atoms  in  the  molecule. 
But  after  their  opposition  had  overthrown  the  views  which 
formerly  prevailed  on  this  subject,  they  rapidly  and  success- 
fully began  to  rebuild  on  the  ruins  of  the  structure  they  had 
overthrown.  They  now  exchanged  sides,  and  beginning  to 
investigate  the  laws  of  atomic  linking  left  the  opponents  of 
Gerhardt's  system  to  dispute  the  new  doctrines. 

§  89.  It  is  only  natural  that  in  such  a  sudden  change 
between  defence  and  attack,  assertion  and  denial,  many  con- 
fused and  contradictory  statements  escaped  notice  which 
delayed  although  they  did  not  stay  progress.  We  are  even  at  the 
present  time  not  quite  free  from  these  contradictions,  as  may 
be  seen  on  comparing  a  large  number  of  the  definitions  con- 
tained in  textbooks  and  theoretical  treatises.  The  old  contrast 
is  still  met  with  between  a  chemical  formula  which  is  intended 
to  express  the  composition  of  a  really  existing  particle  and  a 
formula  which  merely  represents  the  relative  quantities  of  the 
constituents  of  a  stochiometric  quantity.  There  is  no  harm 
in  such  a  distinction.  But  the  difference  which  is  often  made 
between  '  physical '  and  '  chemical '  molecules  is  ill-defined  and 
therefore  reprehensible. 

In  the  attempt  to  determine  the  magnitude  of  the  particles, 
the  molecular  weight,  some  investigators  made  use  of  certain 
physical  properties,  others  considered  the  chemical  behaviour 
of  the  substances.  Both  methods  often  led  to  the  same  result, 
to  the  same  idea  of  the  weight  of  the  molecule,  but  also 
frequently  to  contradictory  views  and  conclusions  concerning 
molecular  weights.  It  is  in  many  cases  difficult  to  state  with 
certainty  which  of  the  values  for  the  molecular  weight,  deter- 
mined by  the  different  methods  is  the  correct  one.  But 
it  is  obvious  that  only  one  of  them  can  be  correct.  Only 
two  cases  are  possible,  the  substance  in  question  either  consists 
of  distinct  particles  or  molecules  of  a  definite  size,  or  it  forms 
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a  continuous  system  of  particles  not  having  separate  sub- 
divisions, in  which  case  it  is  incorrect  to  speak  of  the  size  and 
weight  of  the  molecules. 

If  the  substance  is  really  composed  of  distinct  particles  of 
matter,  then  these  particles  must  be  either  identical  with  the 
smallest  stochiometric  quantities,  which  can  be  expressed  by 
a  chemical  formula  without  making  use  of  fractions  of  atoms, 
or  they  are  rational  multiples  of  this  quantity.  In  the  latter 
case  it  ought  not  to  be  called  a  particle  of  matter  or  '  molecule,' 
since  it  is  only  a  fraction  of  a  molecule.  To  define  such  a 
quantity  as  '  the  smallest  quantity  of  a  substance  which  takes 
part  in  a  chemical  reaction'  is  quite  inadmissible  (see  §  11), 
smce  less  than  a  whole  real  particle  cannot  enter  into  a  re- 
action with  others. 

For  example,  according  to  Avogadro's  hypothesis,  the 
molecular  weight  of  arsenious  anhydride  is  represented  by  the 
formula  As.Og^  395-4,  since  Mitscherlich  found  the  vapour 
density  of  this  substance  to  be  13'85  :  (13-85  x  28-87  =  400). 
But  half  this  molecular  weight,  viz.  the  quantity  represented 
by  the  formula  As^O^,  is  often  used  in  equations  representing 
chemical  reactions. 

This  is  permissible  if  it  is  clearly  understood  that  this 
stochiometric  quantity,  which  is  the  smallest  which  can  be 
expressed  by  a  formula,  does  not  represent  an  actually  existing 
isolated  unit  of  matter,  a  so-called  chemical  molecule.  A 
molecule  cannot  be  either  only  '  chemical '  or  only  '  physical,' 
but  it  must  be  either  both  at  once  or  neither,  i.e.  it  is  really 
a  molecule,  or  it  is  not. 

So  far  all  our  experience  has  shown  that  the  molecular 
weights  deduced  from  Avogadro's  hypothesis  thoroughly 
correspond  to  the  chemical  and  physical  properties  of  the 
substances,  so  that  by  accepting  these  molecular  weights  all 
chemical  reactions  can  be  explained  clearly  and  well,  and  much 
better  and  more  simply  than  by  any  other  assumption. 

§  90.  Since  Avogadro's  law  can  only  be  apphed  to  gaseous 
bodies,  it  IS  only  in  the  case  of  such  substances  that  a  firm 
basis  exists  for  determinmg  the  molecular  weight  and  for 
mvestigatmg  the  laws  which  govern  the  grouping  together  of 
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atoms  to  form  molecules.    We  therefore  confine  ourselves  at 
first  to  the  consideration  of  gaseous  bodies. 

The  previously  defined  unit  is  retained,  the  mass  of  a 
molecule  of  hydrogen  gas  is  taken  as  =  2  =  2H,'  and  the 
molecular  weights  of  all  other  bodies  as  deduced  from  Avo- 
gadro's  hypothesis  are  expressed  by  the  usual  symbols  for  the 
atoms  composmg  the  molecule.  Or,  to  make  use  of  the  tech- 
nical expression,  molecular  formulas  represent  that  quantity  ot 
each  substance  which  occupies  in  the  gaseous  state  the  same 
volume  as  two  parts  by  weight  of  hydrogen  gas. 

The  table  on  the  next  page  contains  the  molecular  formulae 
of  all  those  compounds  known  to  exist  in  the  gaseous  state, 
^hich  are  composed  of  two  different  elements,  contammg 
only  a  single  atom  of  one  of  these  elements  in  the  molecule. 
The  compounds  are  divided  into  six  groups. 

Column  I.  gives  the  name,  IL  the  formula.  III.  the  mole- 
cular weight  m  expressed  by  the  formula,  ^.e  the  sum  of  a^l 
the  atomic  weights  which  occur  m  the  formula ;  column  IV 
the  density  calculated  from  the  molecular  weight  by  means  of 
the  equation  28-87  .  =  itt ;  V.  the  observed  density  compared 
with  atmospheric  air  as  unity. 

These  six  groups  are  distmguished  from  each  other  at  the 
first  dance  by  the  fact  that  in  the  first  group  one  atom  of 
o"e  eltrent  unites  with  only  a  single  atom  of  the  other  con- 
stituent whilst  in  the  second  group  it  unites  with  two  m  the 
t" th  three,  in  the  fourth  with  four,  m  the  fifth  with  five, 
and  finally  in  the  sixth  group  with  six  atoms  of  the  other  con- 
stituent.   The  union  of  more  than  six  atoms  of  one  element 

.  instead  of  t.is  unit  of  .ass  ^::^Z^^2:tfl^ 

that  the  vahies  of  the  moleculai  weigh  s  ^'''''l^.^  ,f  them  so  long 
and  measure,  whereas  they  are  "^^^^^^^  ^^f ^  f^^^  which  is 

.  is  only  absolu.  weight. 

rrief:n::rs:.f.a.n.^ 

the  disadvantage  of  varying  with  the  f  ^S^P^f  J^^^^^^^^  \^,,,,,,  Ae  in- 
of  a  column  of  mercury  760  mm.  high  ^^J^^'^'J^f  '^^^  ,  erith  contains 

r^e?i:;s;esr^t= 
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TjIble  of  Vapour  Densities. 


Hydrofluoric  acid  : 
Hydrochloric  acid 
Hydrobromic  acid 
Hydiiodic  acid 
Iodine  monochloride  . 
Merciirous  chloride 
Mercurous  bromide 
Thallous  chloride 

II. 

Water  .       .       .  . 
Chlorine  monoxide 
Sulphuretted  hydrogen 
Seleniuretted  hydrogen 
Telluretted  hydrogen 
Cadmium  bromide 
Lead  chloride 
Mercuric  chloride 
Mercuric  bromide 
Mercuric  iodide  . 

III. 

Boron  fluoride 
Boron  chloride 
Boron  bromide 
Ammonia 
Phosphine  . 
Phosphorous  chloride 
Arseniuretted  hydrogen 
Arsenious  chloride 
Arsenious  iodide  . 
Antimony  chloride 
Bismuth  chloride 

IV. 

Marsh  gas  . 

Carbon  tetrachloride 
Sihcon  fluoride 
Silicon  chloride  . 
Silicon  iodide 
Titanium  chloride 
Vanadium  chloride 
Zirconium  chloride 
Stannic  chloride  . 

V. 

Phosphorus  fluoride 
Niobium  chloride 
Molybdenum  chloride 
Tantalum  chloride 
Tungsten  chloride 

VI. 

Tungsten  chloride 


TT 
XI. 

III. 

m 

IV. 

d  calc. 

V. 
d  obs. 

HF 

20-1 

0-696 ' 

HCl 

36-37 

1-260 

1-247 

HBr 

80-76 

2-798 

2-71 

Hi 

127-53 

4-417 

4-443 

ICl 

161-9 

5-61 

HgCl 

235-2 

8-130 

8-35 

HeBr 

279-6 

9-685 

10-14 

TlCl 

239-0 

8-277 

8-2 

OCL, 

86-70 

3-003  ' 

SH., 

38-98 

1-177 

1-191 

SeH.. 

80-9 

2-802  ' 

TeH, 

128-3 

4-444 

CdBr., 

271-1 

9-898 

9-25 

PbCl^ 

277-1 

9-6OI 

9-5 

HcCL, 

270-5 

9-372 

9-8 

HeBr, 

859-3 

12-45 

1216 

Hgl„ 

452-9 

15-69 

16-2 

HJj  3 

Do  1 

^  ODD 

"RPl 

1 1  7.n 

J.1  (  U 

A  .nt^n 
4  UO  / 

BBr, 

250-2 

8-664 

8-78 

NH3 

17-01 

0-589 

0-597 

PH3 

33-96 

1-177 

1-18 

PCI3 

137-07 

4-747 

4-88 

AsHj 

77-9 

2-699 

2-695  - 

AsClj 

181-0 

6-270 

6-30 

Asl, 

454-5 

15-75 

16-1 

SbClj 

225-7 

7-82 

7-8 

BiCl, 

313-6 

10-86 

11-35 

CH, 

15-97 

0-579 

0-557 

CCl, 

153-45 

5-315 

5-33 

SiFl 

104-4 

0  D±D 

0  0  1 

SiCl' 

169-5 

0  0  i  ^ 

Sil  ' 

534-1 

±0  o\j 

1  Q.I 

Tini 

D  ODD 

D  o4 

VCl, 

192-7 

6-676 

6-69 

ZrCl, 

231-5 

8-019 

8-15 

SnCl, 

258-9 

8-966 

9-20 

PF, 

126-3 

4-38 

Nb'Cl, 

270-8 

9-383 

9-4 

Mod 

272-4 

9-426 

9-46 

TaCl, 

358-8 

12-43 

12-9 

WoCi, 

360-9 

12-48 

12-7 

WoCl„ 

396-2 

13-73 

13-2 

'  Indirectly  determined.    See  §§  20  and  23,  note  1,  p.  37, 
Mclikoff's  observations  prove  the  correctness  of  this  value  for  the  density, 
which  has  been  indirectly  determined.    (Ber.  d.  deut.  chem.  Gcs.  1875,  480.) 

N 
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with  a  single  atom  of  another  has  not  been  observed  with 
certainty  in  compounds  capable  of  existing  in  the  gaseous 
state  and  containing  only  two  constituents. 

The  only  compounds  of  two  elements  containing  but  a 
single  atom  of  one  of  the  constituents  (the  vapour  density 
and  molecular  weight  of  which  have  been  determined)  which 
are  not  represented  in  the  above  table,  are  arranged  below. 


I. 

II. 

III. 

IV. 

V. 

I. 

Carbon  monoxide 
Nitric  oxide 



CO 
NO 

27'93 
29-97 

u  yoo 
1-039 

1-039 

II. 

Nitrogen  peroxide 
Nitrous  oxide 
Sulphur  dioxide  . 
Selenium  dioxide 
Chlorine  peroxide 
Carbon  dioxide 
Carbon  bisulphide 

NO2 

ON2 

SO, 

SeO, 

CIO, 

CO.. 

cs: 

45-93 
43-98 
63-90 
109-9 
67-29 
43-89 
75-93 

1-591 

1-  524 

2-  214 

3-  807 
2-331 

1-  521 

2-  630 

1-59 

1-  520 

2-  247 
4-03 

1-  529 

2-  645 

III. 

Sulphur  trioxide  . 

so. 

79-86 

2-766 

3-01 

IV. 

Osmio  anhydride 

OsO., 

262-4 

9-090 

8-9 

These  compounas  wm  not  ai  xjiyaeut  uc  vai^'o^  -^.-^  — 
sideration  for  reasons  to  be  mentioned  later  on  in  §  96, 
and  our  attention  will  be  confined  to  the  six  groups  in  the 

first  table.  ■,  .    .  •  f 

These  six  groups  embrace  the  six  simplest  combinations  ot 
atoms,  viz.  of  1  atom  with  1,  1  with  2,  1  with  3,  1  with  4,  1 
with  5,  and  1  with  6  others. 

The  three  first  of  these  combinations  form,  under  the 
name  of  types,  the  basis  of  Gerhardt's  so-called  system  of 
types,  as  presented  in  his  treatise.  It  is  to  this  system  that 
the  science  of  chemistry  essentially  owes  its  present  form. 
Gerhardt  named  these  three  types  after  certain  of  their  repre- 
sentatives ;  the  first  he  called  the  hydrochloric  acid,  or  hy- 
drogen type  (according  to  Avogadro's  hypothesis,  the  molecule 
of  hydrogen,  HH,  represents  a  combination  of  1:1);  the 
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second  he  called  the  water  (or  sulphuretted  hydrogen)  type  ; 
the  third  the  ammonia  type.  In  1857  Kekule  '  showed  that 
a  fourth  type  must  be  added,  representing  the  combination 
1:4;  this  is  known  as  the  marsh  gas  type. 

The  fifth  type,  to  which  at  present  no  specific  name  has 
been  affixed,  is  rendered  necessary  by  recent  investigations  on 
niobium,  tantalum,  molybdenum,  and  tungsten,  which  show 
that  the  chlorides  of  these  metals,  which  volatilise  without  de- 
composition, contain  five  atoms  of  chlorine  in  the  molecule  ; 
the  sixth  type  has  been  rendered  necessary  by  the  proof  which 
Eoscoe  ^  "has  given,  that  tungsten  hexachloride  can  exist  in  the 
gaseous  state. 

§  91.  The  formation  of  these  types,  and  the  classification 
of  ah  chemical  compounds  with  them  as  models,  has  become 
of  the  utmost  importance,  since  it  is  the  expression  of  certain 
real  and  fundamental  properties  of  matter  which  appear,  more 
than  all  others,  to  govern  and  determine  the  constitution  of 
chemical  compounds.  This  attempt  of  Gerhardt  was  the  com- 
mencement of  the  solution  of  the  problem  of  which  Laurent  ^ 
said,  '  Etablu-  une  theorie  des  types,  c'est  etablir  une  classifi- 
cation chimique  basee  sur  le  nombre,  la  nature,  les  fonctions 
et  I'arrangement  tant  des  atomes  simples  que  des  atomes 
composes.'  The  first  laws  of  atomic  statics  have  already 
arisen  out  of  Gerhardt's  system. 

A  cursory  glance  at  the  six  groups  of  compomids  suffices 
to  show  that  many  elements  occur  only  in  a  single  group, 
others  in  two,  whilst  some  occur  under  almost  all  the  types. 
But  it  is  remarkable  that  the  elements  which  occur  m  multiples 
in  these  compounds,  and  which  determine  the  types  by  their 
number,  are  the  same  in  almost  every  case,  viz.  in  the  first 
table,  H,  Fl,  CI,  Br,  and  I ;  in  the  second,  0,  S,  and  N.  It 
appears  as  though  the  atoms  of  these  elements  only  had  the 
power  of  uniting  in  large  number  with  a  single  atom  of 
another  element.  The  five  elements  first  mentioned,  hydrogen 
fluorine,  chlorine,  bromine,  and  iodine,  are  peculiar,  masmucli 

'  'Ueber  die  sogenannten  gepaarten  Verbindungen  und  die  Theorie  dor 
mehratomigen  Eadicalen,'  Ann.  Chcyn.  Phann.  civ.  129. 
^  Ann.  Chem.  Pltarm.  1872,  clxii.  364. 
'  Mdthocle  dc  Chimie,  368. 
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as  they  only  form  with  each  other  gaseous  compounds  belong- 
ing to  the  first  type. 

The  elements  themselves,  in  the  so-called  isolated  state, 
also  belong  to  this  type ;  as  has  been  already  pointed  out 
their  molecules  consist  of  two  atoms,  HH,  ClCl,  II,  and  pro- 
bably FF.  In  chemical  reactions  between  these  substances, 
each  molecule  is  invariably  halved,  and  only  compounds  of 
the  first  type  are  formed ;  e.g. 


The  hydrochloric  acid  resulting  from  the  union  of  chlorine 
and  hydrogen  is  unable  to  combine  with  more  chlorine  or 
hydrogen;  it  exerts  no  chemical  action  on  these  elements. 
The  same  holds  good  for  all  other  compounds  of  the  first 
type.  A  third  atom  of  one  of  these  elements  cannot  enter 
into  the  molecule  unless  it  expels  one  of  the  two  atoms  which 
are  already  present.  A  union  of  three  or  more  atoms  to  form 
a  molecule  never  occurs.' 

We  must,  therefore,  conclude  that  when  an  atom  of  one  of 
these  elements  has  combined  with  another,  it  is  unable  to 
unite  with  any  more,  its  affinity  being  saturated  by  its  union 
with  this  single  atom.  Its  capacity  of  saturation,  therefore, 
only  extends  to  a  single  other  atom. 

§  92.  It  is  obvious  that  the  atoms  of  those  compounds 
which  form  compounds  belonging  to  types  2,  3,  4,  5,  and  6, 
must  have  respectively  two,  three,  four,  five,  and  six  times  as 
great  a  capacity  of  saturation  as  those  atoms  which  have  just 
been  mentioned.  An  atom  of  oxygen  really  does  unite  with 
twice  as  much  hydrogen  as  an  atom  of  chloruie,  and  an  atom 
of  nitrogen  with  three  times,  and  an  atom  of  carbon  with 
four  times  as  much  hydrogen.  In  the  same  way  an  atom  of 
oxygen  or  mercury  unites  with  twice  as  much  chlorine  as  an 
atom  of  hydrogen ;  the  latter  combines  with  only  one  atom  of 
chlorine,  whilst  the  former  unites  with  two.    Agam,  an  atom 

'  Non-gaseous  compounds  containing'  more  than  two  atoms  will  be  men- 
tioned later. 


HH    +  ClCl 

Hydrogen  Chlorine 
(1  mol.)  (1  mol.) 
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of  boron,  phosphorus,  or  arsenic,  combines  with  three  atoms 
of  chlorine,  an  atom  of  carbon  or  siHcon,  &c.,  with  four,  an 
atom  of  niobium  or  molybdenum  with  five,  and  an  atom  of 
tungsten  with  six  chlorine  atoms.  But  these  elements  are  not 
able  to  unite  with  a  larger  number.  The  force  of  attraction, 
the  affinity,  of  oxygen,  sulphur,  selenium,  &c.,  is  exhausted  by 
combination  with  two  atoms  of  the  first  series,  e.g.  with  two 
atoms  of  hydrogen.  The  affinity  of  nitrogen,  phosphorus,  and 
the  other  members  of  the  third  group  is  exhausted  by  com- 
bination with  three  atoms,  of  carbon  and  silicon  with  four, 
of  niobium,  tantalum,  molybdenum  by  union  with  five,  and  of 
tungsten  with  six  atoms  of  the  first  group.  The  six  groups  of 
elements  are  characteristic  of  the  six  selected  types,  and  the 
six  groups  are  distinguished  by  the  type  of  their  compounds 
with  atoms  of  the  first  series. 

But  some  of  these  elements  occur  under  several  types,  e.g. 
mercury  in  I.  and  II.,  phosphorus  in  III.  and  V.,  tungsten  in 
V.  and  VI.  But  it  is  clear  that  the  power  of  saturation  of 
these  elements  can  only  be  determined  from  those  compounds 
which  contain  the  largest  quantity  of  the  other  constituent, 
since  it  is  not  exhausted  in  the  other  compounds.  Although 
mercm-y  forms  a  compound  HgCl,  it  does  not  belong  to  the 
group  of  elements  which  combine  with  one  atom  of  chlorine, 
since  it  has  the  power  of  combining  with  a  second  atom.  This 
subject  will  be  further  discussed  in  section  IX. 

§  93.  The  six  groups  of  elements  were  formerly  distin- 
guished as  mono,  di,  tri,  tetra,  penta,  and  hexatomic,  or  as 
mono,  di,  and  tribasic,  &c. 

The  first  expression  is  unsuitable,  since  we  cannot  very 
well  speak  of  monatomic  atoms, ^ 

'  The  expressions  '  monatomic,'  &c.,  have  long  been  in  use,  but  they  have 
borne  widely  different  meanings  at  different  times.  Berzelius  in  1827  {Jahres- 
ber.  Nos.  7,  89)  applied  the  term  '  polyatomic  '  to  elements  like  chlorine  or 
fluorine,  several  atoms  of  which  unite  with  a  single  atom  of  another  element. 
Gaudin  de  Saintes  made  a  happy  application  of  the  terms  '  monatomic,  di- 
atomic,' &c.,  by  employing  them  to  express  the  number  of  atoms  contained  in  a 
molecule.  He  called  mercury  in  the  gaseous  state  a  '  gazmonatomique,'  since 
its  molecule  only  contains  a  single  atom.  ('  Note  sur  quelques  Propri6t6s  des 
Atomes,'  Bibl.  Univ.  Janv.et  F6vr.  1833 ;  'Eecherches  sur  la  Structure  Intime  des 
Corps  Inorganiques,'  &c.  Ann.  Chim.  Phys.  1833,  lii.  113.     See  also  Amadeo 
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The  terms  '  monobasic,'  &c.,  remind  us  that  the  doctrine 
of  polyvalent  elements  or  radicals  had  its  origin  in  Liebig's 
classical  investigations  on  polybasic  organic  acids.*  But 
this  expression  cannot  well  be  applied  to  the  atoms,  since, 
chemically  speaking,  basic  is  understood  to  be  opposed  to  acid. 
The  most  correct  expression  is  to  speak  of  the  atoms  as  having 
1-,  2-,  3-,  4-,  5-,  and  6-fold  power  of  saturation.  In  many 
cases  it  is  convenient  to  speak  of  the  six  groups  of  atoms  as 
having  1,  2,  3,  4,  5,  and  6  units  of  affinity.  The  terms  intro- 
duced by  Erlenmeyer  ^  are  shorter  and  very  convenient,  viz. 
mono-,  di-,  tri-,  and  tetra-valent.  Wislicenus  ^  has  also  pro- 
posed the  half  Greek,  half  Latin  terms  monaffine,  diaffine,  &c. 
for  which  the  author  suggested  the  substitution  of  the  words, 
uni-,  hi-,  tri-,  quadri-valent, 

Odling's  proposal  to  use  the  terms  monad,  diad,  triad,  &c. 
has  been  generally  accepted.  These  expressions  were  employed 
by  A.  W.  Hofmann  in  his  *  Introduction  to  Modern  Chemistry,'  ^ 
and  proving  to  be  convenient  have  since  come  into  general 
use.*^ 

For  the  sake  of  convenience  and  conciseness,  it  is  permis- 
sible to  form  the  substantives  monovalence,  divalence,  &c., 
from  the  adjectives  monovalent,  divalent,  &c. 

§  94.  In  order  to  indicate  the  power  of  saturation  in 
the  formulae,  Odlmg  has  proposed  to  place  above  the  atomic 

AvogacLro,  Fisica  dei  Carpi  Ponderabili.  Torino,  1837-41'  ii.  869.)  L.  Gmelin 
{Handb.  5.  Aufl.  i.  50)  also  termed  mono-,  di-,  and  hex-atomic  the  gases  which 
contained  one,  two,  or  six  atoms  in  the  same  volume.  Clausius  attaches  the 
same  signification  to  the  expression  as  Gaudin  de  Saintes.  He  uses  it  to  indi- 
cate the  number  of  atoms  which  form  a  molecule.  Thus  Clausius  calls  oxygen 
diatomic  because  its  molecule  is  composed  of  two  atoms.  (' Unterschied 
zwischen  activem  und  gewohnUchem  Sauerstoff,'  Vierteljahrsschrift  der  Naturf. 
Ges.  in  Zurich,  viii. ;  Pogg.  Ann.  1864,  cxxi.  261.)  This  is  the  only  correct  use 
to  which  these  terms,  monatomic,  cfec.  can  be  applied.  To  use  them,  as  is  still 
frequently  the  custom,  to  express  the  number  of  hydroxyl  groups  in  a  com- 
pound, is  particularly  reprehensible  (see  section  vii.) 

'  Ann.  Chem.  Pharm.  1833,  xxvi.  113. 

2  Zeitschriftf.  Chem.  ii.  PJmrm.  1860,  540,  and  1862,  25. 

»  Ann.  Chem.  Pharm.  1863,  cxxviii.  2. 

"  First  edition  of  the  German  Mod.  Theor.  p.  67. 

^  Introduction  to  Modern  Chemistry,  1866,  169. 

«  The  account  given  by  H.  Wichelhaus  {Ann.  Clmn.  Pharm.  1868,  Suppl.- 
Bd.  vi.  257)  of  the  origin  of  this  nomenclature  is  not  quite  correct. 
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symbols  a  corresponding  number  of  accents.  The  four  first 
types  are  then  written  :  _^ 

olS        'nII  cfe 

H 


HH  "IH 

Type  of  Hydrogen         Water  Ammonia  Marsh  gas 

The  use  of  these  accents,  or  of  Eoman  numerals  placed 
above  the  atomic  symbols,  has  not  become  general ;  it  appears, 
indeed,  that  they  need  not  be  employed  now  that  the  views  of 
chemists  on  the  different  capacities  of  saturation  of  the  atoms 
coincide  on  all  essential  points. 

Instead  of  using  these  accents,  A.  S.  Couper  ^  unites  the 
symbol  of  each  element  by  a  line,  or  series  of  dots,  to  the 
symbol  of  the  atom  by  the  affinity  of  which  it  is  held  in  com- 
bination ;  e.g. 


H  /H 


H-H  0<^^  N-H  C/^S 

H 
I 

H— H        H-O-H        H-N— H  H— C— H 

i  i 

The  number  of  lines  attached  to  a  symbol  of  the  element 
indicates  the  power  of  saturation  of  the  atom. 

§  95.  The  connection  between  the  type  of  a  compound  and 
the  nature  of  the  atoms  contained  in  it  is  still  more  evident 
when  the  chemical  reactions  of  the  compound  are  taken  into 
consideration.  The  type  is  preserved  so  long  as  the  typical 
atom  remains  in  the  compound  ;  it  is  lost  as  soon  as  this  atom 
is  expelled. 

The  anhydride  of  hypochlorous  acid  and  hydrogen  yield 
water  and  hydrochloric  acid  : 

0C\,  +  HH  +  HH  =  Oil,  +  HCl  +  HCl. 
The  oxygen  atom  retains  the  type  of  the  compound  1  :  2, 
'  Chem.  Soc.  Quart.  Journ.  vii.  1, 
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by  reason  of  its  double  capacity  of  saturation  ;  but  the  chlorine 
atoms  which  were  united  with  it  form  compounds  of  the  type 
1:1,  since  they  only  possess  single  capacity  of  saturation. 

Phosphoretted  hydrogen  and  chlorme  form  phosphorous 
chloride  and  hydrochloric  acid  : 

PH3  +  ClCl  +  ClCl  -H  CICI  =  PCI3I  +  HCl  +  HCl  +  HCl. 
Marsh  gas  and  chlorine  undergo  the  following  changes  : 

CH4  +  ClCl  =  CH3CI  +  HCl 
CH3CI  +  ClCl  =  CH2CI2  +  HCl 
CH.,Cl2  +  ClCl  =  CHCI3  +  HCl 
CHCI3  +  ClCl  =  CCl,     +  HCl 

In  these  examples  the  type  is  preserved  by  the  atom  of 
phosphorus  and  the  atom  of  carbon.  Since  every  compound 
is  decomposed  and  loses  its  type  as  soon  as  its  characteristic 
atom  is  removed  without  being  replaced  by  another  of  similar 
capacity  of  saturation,  it  must  be  assumed  that  it  is  this  atom 
which  holds  the  molecule  together;  e.g.  every  molecule  of 
water  is  held  together  by  its  atom  of  oxygen,  each  molecule  of 
ammonia  by  its  nitrogen  atom,  each  molecule  of  marsh  gas  by 
its  carbon  atom,  and,  finally,  each  molecule  of  molybdenum 
or  tungsten  chloride  by  the  atom  of  molybdenum  or  tmigsten. 
Atoms  which  only  form  with  each  other  compounds  of  the 
first  or  hydrogen  type,  the  atoms  of  single  capacity  of  satu- 
ration do  not  directly  contribute  to  the  preservation  of  the 
other  types ;  their  single  affinity  just  suffices  to  link  them  to 
the  characteristic  atom  of  the  type.  They  appear  to  exert 
only  an  indirect  influence,  inasmuch  as,  under  certain  condi- 
tions, each  of  them  can  increase  or  diminish  the  force  by 
which  the  polyvalent  atom  attracts  the  other  monovalent 
atoms,  and  can  facilitate  or  hinder  its  union  with  the  atoms 
of  certain  elements. 

§  96.  In  the  preceding  cases,  only  the  compounds  of  poly- 
valent atoms  with  monovalent  atoms  have  been  considered. 
If  the  monovalent  atoms  are  replaced  by  polyvalent,  then  very 
comphcated  relations  may  ensue,  although  the  decompositions 
are  frequently  of  a  very  simple  character. 

'  If  chlorine  is  in  excess^  PCI3  is  converted  into  the  solid  compound  PClj, 
which  has  been  mentioned  in  §§  30,  31,  32. 
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When  marsh  gas  is  burnt  in  oxygen,  carbon  dioxide  and 
water  are  formed, 

CHHHH  +  66  +  66  =  c66  +  hho  +  hho 

Two  atoms  of  oxygen  of  equal  capacity  of  saturation 
replace  four  hydrogen  atoms.  On  the  other  hand,  each  atom 
of  oxygen  is  replaced  by  two  atoms  of  hydrogen.  The  four 
affinities  of  carbon  are  now  saturated  by  two  divalent  atoms, 
the  two  affinities  of  oxygen  in  carbon  dioxide  are  each  satu- 
rated by  two  of  the  four  affinities  of  carbon,  and  in  water  by 
the  two  smgle  affinities  of  two  hydrogen  atoms.  When  am- 
monia burns,  nitrogen  and  water  are  produced. 

30  +  2NH3  =  NN  36H2 

The  three  affinities  of  each  atom  of  nitrogen  are  now 
satisfied  by  a  single  atom  of  nitrogen  instead  of  by  three 
atoms  of  hydrogen. 

When  oxygen  is  liberated  from  water  by  electrolysis,  a 
divalent  atom  of  0  replaces  two  monovalent  atoms  of  H. 

2H26  =  66  +  2HH 

Similar  compounds  of  polyvalent  atoms  can  be  referred  to 
the  original  types  by  regarding  them  as  derivatives  of  the 
original  forms  of  the  types,  in  which  the  monovalent  have 
been  replaced  by  polyvalent  atoms  in  such  a  way  that  the  total 
number  of  affinities  remains  unaltered.  Thus  some  of  the 
compounds  in  the  second  table  (§  90),  e.g.  COg  and  CS2  may 
be  regarded  as  derivatives  of  CH^  in  which  each  atom  of 
sulphur  or  oxygen  has  replaced  two  of  hydrogen. 

Hence  it  follows  that  compounds  containing  more  than  one 
polyvalent  atom  cannot  be  arranged  in  types  according  to  the 
number  of  their  atoms.  For  this  reason  it  is  not  proposed  to 
discuss  now  the  compounds  in  the  second  table  in  §  90. 

A  polyvalent  atom  can  replace  several  monovalent  atoms 
belonging  to  different  molecules,  which  are  in  this  way  united 
to  form  a  single  molecule. 

In  many  reactions  water  is  formed  from  hydrochloric  acid 
by  the  replacement  of  chlorine  by  oxygen.    But  as  chlorine  is 
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monovalent  and  oxygen  divalent,  two  molecules  are  united  to 
form  one. 

form  [  0 


HCl       '"'^  HI 

Two  molecules  of  One  molecule  of 

hydrochloric  acid.  water. 

In  the  same  way  the  hydrogen  can  be  replaced  by  a  poly- 
valent atom :  e.g. 

H  CI  .  01 
HCi        ^''"^  ^^Cl 

Two  molecules  of  One  molecule  of  mercuric 

hydrochloric  acid.  chloride. 

The  consideration  of  these  and  similar  cases  has  led  the 
water  type  to  be  regarded  as  the  '  doubled  '  type  of  hj^^dro- 
chloric  acid,  in  which  the  chlorine  has  been  replaced  by  the 
corresponding  equivalent  quantity  of  oxygen. 

Many  compounds,  mercuric  chloride,  for  example,  are  more 
frequently  referred  to  the  doubled  first  type  than  to  the  second, 
especially  when  more  stress  is  placed  on  purely  chemical  pro- 
perties than  on  the  number  of  the  atoms  and  their  capacity 
of  saturation. 

In  a  similar  way  the  third,  fourth,  fifth,  and  sixth  types 
may  be  regarded  as  treble  or  quadruple  the  first,  &c. 

Frequently  a  partial  replacement  of  the  monovalent  by  the 
polyvalent  atoms  takes  place,  in  which  case  compounds  such 
as  the  following  are  produced  : 

fCl 

CO  C\jj 
^Cl 

Phosgene.  Hydrocyanic  acid. 

The  general  rule  is  that  the  atoms,  of  whatever  description 
they  may  be,  enter  into  the  molecule  in  such  number  that  all 
the  affinities  are  mutually  saturated.  Hence  it  follows  that 
since  each  affinity  demands  the  existence  of  another  by  which 
it  is  saturated,  the  sum  of  all  the  units  of  affinity  m  a  molecule 
must  always  be  an  even  number. 

§  97.  Cases  are  also  known,  which  are  of  great  theoretical 
interest,  in  which  the  affinities  of  an  atom  are  not  completely 
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saturated.  Some  of  the  compounds  contained  in  both  the 
tables  in  §  90  belong  to  this  class  of  incompletely  saturated 
compounds. 

   /X 

Cl_Hg  -  X    Br  —  Hg  —  X    0  =  N  —  x     0  = 

\  X 

Mercuroas  chloride  and  bromide.        Nitric  oxide.    Carbon  monoxide. 

The  unusual  facility  with  which  these  bodies  enter  into 
combmation  is  the  result  of  their  exceptional  constitution. 
The  spontaneous  oxidation  of  nitric  oxide  is  well  known  as 
the  essential  condition  of  the  sulphuric  acid  manufacture ;  the 
power  of  carbon  monoxide  to  combine  directly  with  chlorine 
when  exposed  to  the  sun's  rays  is  also  well  known. 

z*'  //I 

C— +         +  Cl— Cl  =         C— CI 

\+  \ci 

Carbon  monoxide.  Chlorine.  Phosgene  gas. 

All  combinations  of  atoms  with  imperfectly  saturated 
affinities  behave  like  carbon  monoxide  and  nitric  oxide.  Such 
an  atomic  group  frequently  acts  like  a  single  atom,  resembling  a 
mono-,  di-,  tri-,  or  tetra-valent  atom,  according  as  it  requires 
one,  two,  three,  four  or  more  monovalent  atoms  to  completely 
saturate  its  affinities. 

The  behaviour  of  such  groups  of  atoms  led  Lavoisier  to 
assume  the  existence  of  compound  radicals  ;  an  assumption 
which,  though  severely  criticised,  has,  perhaps  even  for  this 
very  reason,  largely  contributed  to  the  growth  of  the  science  of 
chemistry. 

In  a  somewhat  different  sense  these  radicals  have  more 
recently  been  termed  *  rests  '  (residus)  by  Gerhardt,  and  '  in- 
complete molecules '  by  Wislicenus. 

In  the  present  state  of  our  science,  it  can  no  longer  be 
doubted  that  the  imperfectly  saturated  molecules  do  really 
behave  analogously  to  isolated  simple  atoms.  The  similarity 
arises  from  the  fact  that  in  each  case  the  affinities  are  not 
completely  saturated,  and  that  both  the  radical  and  the  atom 
contain  one  or  more  unsaturated  units  of  affinity.  Each  atom 
or  radical  possesses  the  unusual  activity  which  is  characteristic 
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of  the  Status  nascendi,  until  it  unites  with  another  non-saturated 
atom  or  radical. 

When  two  atoms  of  hydrogen  come  in  contact  with  each 
other,  they  form  the  compound  known  as  '  free  hydrogen  : ' 

H  +  H  =  irH 

If  two  methyl  radicals  meet  they  form  '  free  methyl '  or 
'  dimethyl.' 

H  H  H  H 

I  I  II 

H— C—  X        -■-  H-  C—  X      =      H-C— C-~H 

I  I  II 

H  H  H  H 

It  is  owing  to  this  property  that  so  few  of  these  radicals 
have  been  isolated.  It  was  obviousl}^  incorrect  to  deny  the 
existence  of  these  radicals  because  they  could  not  be  isolated. 
Only  those  radicals  can  be  isolated  the  affinities  of  which  are 
under  certain  conditions  comparatively  wealt.  Formerly  there 
was  a  tendency  to  regard  as  radicals  those  groups  of  atoms 
only  which  could  be  isolated,  but  at  the  present  time  the 
impossibility  of  their  existence  in  the  free  state  would  be  more 
probably  considered  as  their  characteristic  feature.^ 

§  98.  It  is  not  by  any  means  necessary  that  the  radicals 
which  unite  together  should  be  of  the  same  description.  The 
radical  methyl  CH3  as  well  as  the  hydrogen  atom  H  can  unite 
with  the  radical  hydroxyl  OH : 

H    +     ?rlo     =  Water 


H)^     ~  H) 
(CH3)     +     ^lO     =      ^^^-^jO  Methyl  alcohol 

'  Liebig's  classic  definition  of  a  compound  radical  still  holds  good.  In  his 
treatise  (1838)  '  Ueber  Laurent's  Theorien  der  organischen  Verbinduugen,'  Ami. 
Pliarm.  xxv.  1,  he  says :  '  We  call  cyanogen  a  radical  because  (1)  it  is  the 
invariable  constituent  in  a  series  of  compounds  ;  (2)  because  it  can  be  replaced 
in  these  compounds  by  other  simple  bodies ;  (3)  because  in  its  compounds  with 
a  simple  body  the  latter  can  be  replaced  by  equivalents  of  other  simple  bodies.' 

Two  at  least  of  these  three  chief  characteristics  of  a  compound  radical  must 
be  fulfilled  before  a  group  of  elements  can  be  regarded  as  a  radical. 

In  most  cases  '  the  organic  radicals  only  exist  in  our  imagination,  but  their 
real  existence  is  as  little  to  be  doubted  as  is  that  of  nitric  acid  [i.e.  the  anhydride 
N.Ps,  which  was  not  known  at  that  time],  although  this  body  is  as  much  unknown 
as  ethyl.' 
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If  the  compound  radical  methyl  is  regarded  as  analogous 
to  the  single  atom  of  hydrogen,  methyl  alcohol  may  be  con- 
sidered as  belonging  to  the  type  of  water.  It  is  derived  from 
water  by  replacing  half  the  hydrogen  by  methyl.  This 
method  of  simplification  is  often  employed.  It  is  only  by  its 
use  that  a  systematic  survey  of  the  numerous  compounds  of 
carbon  can  be  gained.  By  such  methods  of  simplification  the 
existence  of  the  fourth  type  was  completely  overlooked  at  first 
and  afterwards  its  use  avoided  by  regarding  its  chief  repre- 
sentative, marsh  gas,  as  methyl  hydride,  and  classing  it  in 
the  first  or  hydrogen  type. 


H 


C 


H  =^  (CH3)H 
H 


In  this  case  this  method  of  simplifying  the  type  has  been 
a  consequence  rather  of  its  origin  than  a  dictate  of  convenience, 
and  has,  therefore,  become  obsolete  ;  in  other  cases  it  is  of 
essential  service,  e.g.  the  chemical  properties  of  methyl  chloride 
are  clearly  and  concisely  expressed  by  the  formula  (GH3)  01. 

It  is  obvious,  however,  that  a  great  deal  is  left  to  individual 
caprice.  For  example,  when  two  methyl  radicals  (each  of 
which  possesses  a  free  aflinity)  are  united  to  a  closed  molecule 
by  an  atom  of  oxygen,  the  resulting  compound  (methyl  ether) 
may  be  just  as  well  classed  in  the  water  type  (1)  as  in  the 
double  marsh  gas  type  (2) . 

(1)    (CH3)      0  +  (CH3)  =  (^HsUq 


(CH3) 

Methyl.  Methyl.    Methyl  ether, 

H  H  H  H 

I  III 
(2)H— C— X  +  0+   X— C— H  =  H— C— 0~C— H 

tI  III 
H  H  H  H 

^^'^yl-  Methyl.  Methyl  ether. 

In  each  molecule  an  atom  of  hydrogen  is  replaced  by  the 
equivalent  quantity  of  oxygen,  and  the  two  molecules  are 
united  to  form  a  single  one  by  the  indivisibility  of  the  divalent 
atom  of  oxygen. 
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In  the  same  way  zinc  metliide  may  be  regarded  as  belonging 
to  the  second  type 

(CH3)f^^ 

or  to  the  doubled  marsh  gas  type  . 

H  H 

I  I 
H— C— Zn— C— H 

I  I 
H  H 

or  finally  by  comparing  methyl  hydride  with  hydrogen  gas,  it 
may  be  considered  as  belonging  to  the  doubled  first  type. 
HH  (CH3)  H  (CH3)] 

H  H  (CH3)  H  (CH3)  I 

Two  molecules    Two  molecules  of     One  molecule  of 
of  hydrogen.      methyl  hydride.        zinc  methide. 

The  latter  method  of  representing  zinc  methide  is  the  one 
which  is  most  frequently  used  by  chemists,  but  methyl  ether  is 
generally  compared  to  the  second  or  water  type. 

§  99.  The  substitution  of  radicals  for  atoms  enabled 
Gerhardt^  to  class  all  the  well-known  organic  compounds 
under  the  three  first  types.  In  this  way  he  obtamed  a  uniform 
and  systematic  classification  of  organic  compomids,  such  as 
had  never  before  been  attained. 

In  the  chief  and  secondary  types  Gerhardt  substituted 
other  atoms  or  organic  radicals  for  one  or  more  hydrogen  atoms, 
and  in  this  way  obtained  formulae  for  numerous  inorganic  and 
organic  compounds  which  very  clearly  showed  the  analogies 
in  the  behaviour  of  different  substances  to  be  a  result  of  then- 
similar  composition. 

In  addition  to  the  following  simple  types 

Secondary  Types. 


H)  H 


H)  H 


Cl[  Br[  ^\  F[  Cy 


Se  |lTe 


nr  H 

H]  H)  H] 

H  P  H  As  H 

h)  h)  H 


Sb 

'  TraiU  dc  Chimie  Organique.  Paris,  1853-6.  See  specially  vol.  iv.  pp.  561-866 
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Gerhardt  also  doubled  and  trebled  these  types  for  compounds 
which  are  formed,  or  which  may  be  considered  to  be  derived, 
from  them  by  the  substitution  of  polyvalent  atoms  or  radicals 
for  the  hydrogen  atoms  of  the  different  molecules. 

Double  Types. 


H 

H,)  _H 
HJ  -  H) 
H 


H,1 
HJ 


0, 


H)o 

Hr 

Hlo 
H)^ 


H, 

H, 
H„ 


^1 
H  N 


HJ 

^1 
H  N 

H 


&c. 


Types. 
H2CI2 


H3CI3 


H, 

H. 


H3 
H, 


H2 
H^ 
H, 


0, 


0, 


CO,  CI, 

Phosgene. 

B,  CI3 

Boron 
chloride. 

H^r^ 

Sulphuric  acid. 


SO2,  CI2 

Sulphuryl  chloride. 

P,  CI3 

Phosphorous 


chloride. 


PO,  CI3 

Phosphorus 
oxy  chloride. 


C2O2 

H, 


C4H,0, 
H, 


0. 


H. 


0, 


Boric  acid. 

(CH3)2) 

CA 


No 


Oxalic  acid. 
Boric  anhydride. 

(0^)3, 


Tartaric  acid. 


C,H,0, 
H, 


0, 


Citric  acid. 

H,- 


2/ 


H3) 
H3  N3 

Ha) 


H2) 

Dimethyl  oxamide. 

H3[N3 

H3j 

Citramide. 


H, 


CO 

H, 


Hydrobenzamide. 


C,H,0, 


2 1 

Urea. 


(C0HJ3 

H, 


(00)3) 

H, 


Citranilide. 


Cyanurio  acid. 


Gerhardt  did  not  make  any  definite  distinction  between 
the  typical  atoms  and  those  replacing  them,  but  on  the  con- 
trary he  sometimes  regarded  the  former  and  sometimes  the 
latter  as  typical,  according  to  the  decomposition  represented 
and  the  analogies  of  character  which  he  wished  to  indicate. 
For  example,  he  wrote, 

CN)^        _  CO' 


Cyanic  acid 
Benzaldehyde  H.C,H,0, 


or 


H 


N 


or  ^^■^{}  0,  and  so  on. 
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But  many  chemists  regarded  such  a  mutability  of  the  formulas 
with  suspicion,  and  considered  that  only  certain  atoms  were 
typical  of  each  substance,  hence  there  was  considerable  dis- 
cussion, much  of  which  we  now  regard  as  idle,  on  the  value 
of  different  formulse.^  Each  author  adhered  more  firmly  to  his 
own  formulae  as  these  increased  in  number. 

Since  the  radicals  used  in  referring  all  compounds  to  a 
few  types  were  frequently  very  complex,  Gerhardt  endeavoured 
to  simplify  them.  He  applied  the  term  '  copula '  to  those 
groups  of  atoms  in  the  radical  which  appeared  to  exert  a 
comparatively  slight  influence  on  the  characteristic  properties 
of  the  bodies,  and  termed  the  radicals  composed  of  such 
groups  '  conjugated,'  i.e.  simple  radicals  in  which  one  or  more 
atoms  have  been  replaced  by  complicated  radicals  ;  e.g. — 

H    )^  H  t  H  r 


Acetic  acid.  Dichloracetic  acid.  Trichloracetic  acid. 


or 


C0(CH3)  1  ^        SO,  .  (CH3) 
H  H 


0 

Acetic  acid,  analogous  to  methyl  sulphurous  acid.^ 


C,H,0|q  C,H,(NO,)0|q  C,H3(N0,),0jQ 

Benzoic  acid.  Nitrobenzoic  acid.  Dinitrobenzoic  acid. 

This  idea  of  couples  as  used  by  Gerhardt  was  in  itself 
quite  harmless,  as  the  formulse  he  used  for  a  substance  varied 
according  to  the  analogies  of  character  he  wished  to  empha- 
sise, but  it  acquired  from  Berzelius  and  others  an  exaggerated 
importance,  productive  of  much  confusion  and  debate.^ 

The  composition  of  the  radicals  by  repeated  substitution 
became  more  complicated,  the  formulae  became  the  more 
remarkable,  as  it  was  generally  assumed  that  the  substituted 
radicals  were  contained  within  the  radical  the  hydrogen 
atoms  of  which  they  had  replaced.    Although  this  idea  could 

'  See  Laurent,  M&thode.  de  Chimie,  p.  27  ;  Kekul6,  Lclirh.  i.  58. 
^  TraiU  da  Chimie  Organiguc,  iv.  672. 
^  Laurent,  loc.  cit.  p.  249. 
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not  always  be  graphically  represented,  a  distinction  was 
made  between  the  radical  which  was  substituted  and  the 
radical  in  which  the  substitution  took  place,  although  it 
is  obviously  a  matter  of  choice  whether  methylamine,  for 
example, 

H  H 

H— N— X   +   X— C— H  =  H— N— (l-H 

H  H  H  H 

which  is  formed  from  ammonia  and  methyl  iodide,  according 
to  the  equation 

ICH3  +  NH3  =  IH  +  NH,CH3, 

be  regarded  as 


((NH,) 
H 


f(CH3) 
N  H        or  -n- 


i.e.  whether  it  is  ammonia  in  which  an  atom  of  hydrogen  has 
been  replaced  by  methyl  (CH3),  or  marsh  gas  in  which  an  atom 
of  hydrogen  has  been  replaced  by  the  amide  group  (NH2).  In 
reality,  each  radical  replaces  an  atom  of  hydrogen  in  the  other  ; 
both  formula3  are  therefore  equally  correct.  The  former  is 
generaUy  preferred,  as  methylamine  in  its  properties  more 
closely  resembles  ammonia  than  marsh  gas.  In  complicated 
compounds— the  aromatic,  for  example -f or mulee  of  the  second 
pattern  are  frequently  used. 

An  important  extension  in  the  manner  of  using  types  was 
introduced  by  Kekule.' '  He  regarded  what  had  previously 
been  considered  as  conjugated  compounds  as  combinations  of 
diflerent  types,  as  mixed  types  formed  by  the  replacement  of  a 
portion  of  the  monovalent  atoms  in  two  or  more  molecules  of 
different  types,  by  a  polyvalent  atom  or  radical,  thus  bringina 
about  the  union  of  several  molecules.  ^ 

'  '  Ueber  die  sogonanntcn  gepaarten  Verbimlungcn  und  die  Tb^nvin  i 
mehratomigen  Radicale,'  A^m.  Chcm.  Pharm.  1857,  civ.  Z-lto. 
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The  following  compounds  may  be  regarded  as  belonging  to 
mixed  types : 

Types 


H 
H 

H 
H 


0 


CH. 


CO 


CI) 
SO, 


0 


hJ 


0 


H 

Hl-N 

h) 

H  )^ 


Hi  Hi 

Acid  potassium  sulphite.     Acetic  acid.     Chlorosulphonic  acid. 

H)  H)  Hi 

H  N 
CO 

0 

H 

Carbamic  acid. 


Oxamic  acid. 


Glycocoll. 


This  extension  of  the  system  of  types  soon  led  to  the  disuse 
of  Gerhardt's  limited  types.  Gerhardt's  types  have  rendered 
great  service  in  the  development  of  the  science,  but  they  can 
only  be  regarded  as  a  part  of  the  scaffolding  which  was  re- 
moved when  the  erection  of  the  system  of  organic  chemistry 
had  made  sufficient  progress  to  be  able  to  dispense  with  it. 
The  comparison  of  a  large  number  of  compounds  with  a  small 
number  of  types  afforded  numberless  opportunities  of  review- 
•  ing  individual  cases  in  a  variety  of  ways  ;  cases  of  analogy 
and  of  contrast  thus  became  apparent,  and  finally  a  general 
survey  of  the  remarkable  behaviour  of  the  chemical  atoms  in 
their  compounds  was  acquired. 
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VII. 

THE  LAW  OF  ATOMIC  LINKING. 

§  100.  The  laws  which  express  our  present  knowledge  of 
the  actions  of  affinity  are  the  results  of  speculations  similar  to 
the  i^receding. 

These  laws,  which  now  surprise  us  by  their  remarkable 
simplicity,  were  discovered  by  attention  being  directed  to  the 
atoms  themselves  rather  than  the  compound  radicals.  With 
the  rapid  development  of  chemistry  the  necessity  for  extend- 
ing our  speculations  to  the  atoms  was  more  and  more  felt. 
This  necessity  appears  to  have  been  recognised  almost  simul- 
taneously by  different  chemists.  Kekule  was  the  first  to  give 
definite  expression  to  such  an  opinion,  and  to  fully  appreciate 
its  importance ;  he  set  forth  the  argument  in  a  paper  pub- 
lished in  1857,  entitled  Ueber  die  sogenannten  gejMarten  Ver- 
hindungen  und  die  Theorie  der  mehratomigen  Radicale,  in  which 
he  also  explains  some  of  his  views  on  the  constitution  of 
chemical  compounds.  A.  S.  Couper  '  still  more  emphatically 
demanded  that  the  atoms  should  be  studied,  and  at  the  same 
time  he  thoroughly  investigated  some  of  their  properties, 
especially  those  of  the  carbon  atom,  which  Kekule  had  merely 
alluded  to.  Kekule's  views  were  afterwards  more  thoroughly 
developed  in  several  articles,  and  more  especially  in  his  treatise. 

The  revival  of  the  study  of  the  atoms  themselves  led  to 
the  achievement  of  what  had  constituted  the  aim  of  all  pre- 
vious effort  in  theoretical  chemistry,  viz.  the  knowledge  of  the 
manner  in  which  chemical  affinity  of  the  atoms  determines 
the  internal  constitution  of  compounds.  The  individual  atoms 
by  the  juxtaposition  of  which  a  chemical  compound  is  formed 
are  not,  as  was  formerly  assumed,  retained  in  the  compound 
by  each  atom  being  subject  to  the  attraction  of  all  or  a  gi^eat 

'  See  note  to  §  94 ;  also  Awn.  Chem.  Phann.  1859,  ex.  46,  51. 
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number  of  the  other  atoms,  and  held  in  its  place  by  these 
numerous  attractions.  This  attraction  only  acts  from  atom 
to  atom;  each  atom  being  attached  only  to  its  immediate 
neighbours  as  the  links  of  a  chain  are  strung  together.  No 
link  of  the  chain  can  be  removed  without  breaking  the  con- 
tinuity. 

But  all  atoms  have  not  the  same  value  as  links  of  a 
chain.  The  monovalent  atoms  resemble  those  links  which  are 
only  provided  with  a  smgle  ring  or  hook,  and  can  therefore 
only  be  attached  to  a  single  other  link.  If  the  second  atom  is 
also  monovalent,  it  is  impossible  to  attach  a  third  member. 
But  if  the  second  atom  is  polyvalent,  only  one  of  its  units  of 
affinity  is  required  to  attach  it  to  the  first  atom  ;  the  remainder 
can  serve  to  prolong  the  chain  by  attaching  new  members. 
The  possibility  of  extending  the  chain  ceases  as  soon  as  a 
monovalent  atom  is  added  as  a  terminal  link.  In  this  way  it 
is  easily  seen  that  an  exceedingly  large  number  of  chemical 
compounds  are  possible,  and  in  fact  the  existence  of  innumer- 
able compounds,  especially  those  of  carbon,  the  so-called 
organic  compounds,  depends  on  this  pecuhar  behaviour  of  the 
atoms. 

It  also  follows  that  the  number  of  compounds  must  be 
larger  in  the  case  of  tetravalent  than  trivalent  atoms,  and 
larger  for  trivalent  than  divalent  atoms. 

§  101.  In  every  divalent  atom  both  its  affinities  are  used  to 
attach  it  to  its  two  neighbours.  If  a  chaua  is  composed  solely  of 
divalent  atoms,  only  one  affinity  can  remain  free  at  each  end 
of  the  chain.  When  each  of  these  affinities  is  saturated  by  a 
monovalent  atom  the  chain  is  closed.  Sulphuryl  chloride  and 
the  corresponding  bromine  compound  *  form  such  simple  chains : 
Cl-O-S-O-Cl.  Br-O-S-O-Br. 

Each  of  these  compounds  contains  two  monovalent  atoms,  the 
maximum  which  can  be  obtained  in  a  compound  composed  of 
mono-  and  di-valent  atoms. 

'  Sulphur  and  selenium  are  here  regarded  as  divalent,  according  to  the 
formerly  accepted  views.  In  section  IX.  a  different  view,  which  is  probably  more 
correct,  will  be  discussed,  according  to  which  these  elements  are  not  divalent  m 
these  compounds.  The  above  formuloB  must  therefore  be  merely  regarded  as 
general  illustrations. 
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But  it  may  also  happen  that  the  affinities  of  the  two  end 
links  are  satisfied  by  one  divalent  instead  of  two  monovalent 
atoms,  e.g. 

S  Se 
0-0  0-0  0—0—0 

Sulphur  dioxide.         Selenium  dioxide.  Sulphur  trioxide. 

If  the  molecule  of  sulphur  at  a  temperature  slightly  above 
its  boiling  point  consists  of  six  atoms,  as  is  indicated  by  its 
vapour  density  6*6,  these  atoms,  in  order  that  all  their  affinities 
may  be  saturated,  must  also  be  considered  to  be  arranged  in 
a  ring.' 

If  the  assumption  of  Clausius,^  Soret,^  and  others  that 

0 


0-  ^0 

the  molecule  of  ozone  contains  three  atoms  be  accepted,  then 
ozone  must  also  be  represented  by  a  ring-shaped  formula. 

The  number  of  atoms  which  unite  to  form  a  molecule  is 
never  very  large  in  compounds  composed  only  of  divalent  or  of 
di-  and  mono-valent  atoms.  Seven  is  the  largest  number  of 
divalent  atoms  which  has  up  to  the  present  been  observed  to 
occur  in  a  molecule  of  a  gaseous  compound.  This  number 
exists  in  pyrosulphuryl  chloride,  S2O5CI2. 

§  102.  When  a  molecule  contains  tri-  and  tetra-valent  ^ 
atoms,  the  number  of  atoms  in  a  molecule  may  be  very  large. 
The  number  of  monovalent  atoms  which  may  be  contained 
in  the  molecule  increases  with  the  number  of  tri-  and  tetra- 

'  It  is  scarcely  necessary  to  remark  that  the  expression  '  ring-shaped  '  need 
not  be  accepted  as  applying  to  space ;  it  only  indicates  that  the  attractions 
between  the  atoms  which  maintain  the  coherence  of  the  molecule  form  a 
continuous  series. 

^  'Ueber  den  Unterschied  zwischenaotivemundgewohnlichemSauerstoffe,' 
Vierteljahrsschrift  d.  Naturf.  Ges.  m  Zilrich,  1863,  viii.  345  ;  also  Ponn.  Ann 
1864,  cxxi.  2.50. 

'  '  Eecherches  sur  la  density  de  I'ozone,'  Compt.  Rend.  1865,  Ixi  941 
1867,  Ixiv.  904. 

'  Penta-  and  hexa-valent  atoms  are  left  out  of  consideration,  as  at  present 
only  a  few  gaseous  compounds  containing  them  are  known. 
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valent  atoms.  Each  tri-  or  tetra-valent  atom  uses  only  one  of 
its  units  of  affinity  in  uniting  with  one  of  the  atoms  ah-eady 
contained  in  the  molecule,  and  saturates  only  one  of  the 
affinities  of  that  atom.  The  addition  of  each  new  atom  always 
neutralises  at  least  two  units  of  affinity.  But  since  each 
trivalent  atom  adds  three  and  each  tetravalent  atom  four  new 
affinities,  it  is  clear  that  the  number  of  affinities  which  are  not 
required  for  the  coherence  of  the  molecule  regularly  increase 
with  the  addition  of  tri-  and  tetra-valent  atoms.  But  these 
affinities  may  be  saturated  by  monovalent  atoms  without 
endangering  the  stability  of  the  molecule. 

§  103.  There  is  a  simple  relation  between  the  number  of 
monovalent  atoms  which  can  possibly  exist  in  the  molecule  of 
any  given  compound  and  the  number  of  tri-  and  tetra-valent 
atoms  in  that  molecule.  This  relation  may  be  represented  by 
a  general  formula.  It  is  obvious  that  if  n  represents  the 
number  of  polyvalent  atoms  in  a  molecule,  2  {n  —  1)  affinities 
will  be  requhed  to  unite  them  together,  i.e.  two  less  than 
double  the  number  of  atoms  ;  for  at  least  two  affinities  are 
satisfied  by  the  union  of  the  first  two  atoms,  and  two  more  for 
the  addition  of  every  new  atom. 

Let     be  the  number  of  divalent  atoms,  n.^  the  tri-,  tetra-, 
penta-,  and     the  number  of  hexa- valent  atoms  in  a  mole- 
cule of  the  compound,  then  : 

^2  +  ^3  +         +  '^5  +  '^6  =  ' 

and  let  s  be  the  sum  of  their  units  of  affinity  or  capacity  of 
saturation,  then : 

-f       +  An^  -\-       +  6?^6  =  s ; 

the  number  of  monovalent  atoms  i\  which  can  possibly  be 
contained  in  the  compound  is  then  determined  by  the  equation 

71,  £s-  2(w  ~  1), 

or  by  replacing  the  values  for  s  and  for  n : 

w,  £  W3  +  2w^  +  3?i5  +  47^6  +  2. 

The  number  of  monovalent  atoms  is  therefore  indepen- 
dent of  the  number  of  divalent  atoms  n.,.    Every  compound, 
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of  whatever  nature  it  may  be,  may  always  contain  at  least  two 
monovalent  atoms,  and  one  more  for  each  additional  trivalent, 
and  two  for  each  additional  tetravalent  atom. 

§  104.  In  a  compound  of  carbon,  nitrogen,  oxygen,  and 
hydrogen  of  the  composition  CJ^yOJIt,  when 

=  tv,  11^  =  z,      ■=         =  X,      =  0  =  %g, 

the  number  of  hydrogen  atoms  is  shown  by  the  equation 

w  ^  2^  +  2/  +  2. 

The  largest  quantity  of  hydrogen  which  could  be  contained 
in  such  a  compound  would  be 

w  =■      +  y  +  2. 

Not  one  of  the  thousands  of  the  compounds  of  carbon  (in  the 
gaseous  state)  contains  more  than  this  amount  of  hydrogen. 

But  the  number  of  hydrogen  atoms  may  be  less  than  this 
formula  indicates.  This  occurs  when  the  polyvalent  atoms 
are  mutually  united  by  more  than  2(w  —  1)  affinities. 

For  instance,  a  hydrocarbon  with  three  carbon  atoms  in  the 
molecule  cannot  contain  more  than  3x4  —  (2x3  —  2)  ~ 
2x3+2  =  8  atoms  of  hydrogen. 

The  group  of  atoms 

H  H  H 

I     I  i 
H— C— C— C— H 

I     I  I 
H  H  H 

cannot  take  up  more  than  the  eight  monovalent  atoms  without 
decomposing.  But  if  two  carbon  atoms  each  mutually  saturate 
more  than  one  of  their  affinities,  then  the  number  of  hydrogen 
atoms  will  be  diminished  by  two  : 

H 

H— C— C  =  C-H 
H  H  H 
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In  the  same  way,  the  union  of  an  atom  of  carbon  and  an 
atom  of  nitrogen  with  hydrogen  forms  the  combinations 

H  H 

I  I 

H— C— N  H— C  =  N 

I  I 
H  H 

Methylamine.  Hydrocyanic  acid. 

In  the  first  case  the  carbon  atom  only  saturates  one  affinity, 
and  in  the  second  case  all  the  three  affinities  of  the  nitrogen. 
In  the  first  case  five  affinities  remain  for  hydrogen,  in  the 
second  case  only  one. 

An  intermediate  compound  is  also  possible,  although  it  is 
not  known  at  present : 

H 
I 

C  =  N-H 
I 

H 

in  which  three  affinities  are  saturated  by  hydrogen. 

§  105.  The  mutual  neutralisation  of  the  polyvalent  atoms 
always  dimmishes  the  number  of  the  monovalent  atoms  by  an 
even  number,  2,  4,  6,  &c.  The  number  of  atoms,  therefore, 
remains  even  or  uneven,  according  as  it  is  even  or  uneven  in 
the  compound  richest  in  hydrogen. 

But  the  equations 

Wi  =  Wg  +  2«,  +  2  =      +  2(?i^  +  1) 
or  7ii  —  W3  =  2(714  +  1) 

show  that  the  difference      —  n^,  and  consequently  the  sum 
7l^  +      must  always  be  an  even  number  :      is  even  when 
is  even,  and  vice  versa. 

Laurent  Uermed  the  tri-  and  mon-atomic  elements,  between 
which  no  distinction  was  made  in  his  time,  '  diads,'  because 
the  atoms  of  this  class  enter  into  combination  in  pairs  (because 
Wi  +  is  always  an  even  number),  as  distinguished  from  the 
*  monads,'  i.e.  the  di-  and  tetra-valent  elements  which  can  enter 
into  a  compound  in  any  given  number. 

'  Mith.  de  CJiimic,  p.  58. 
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§  106.  It  follows  from  the  preceding  that  in  a  group  of 
atoms,  which  plays  the  part  of  a  compound  radical,  some  of 
the  affinities  of  the  polyvalent  atoms  must  remain  unsaturated, 
and  the  following  equation  must  hold  good  : 

n^  L      +        +  SWg  +  4Wg  +  2. 

The  difference,  +  271^  +  3w,,  ^-  4tn^  -f-  2)  —  shows  the 
maximum  number  of  monovalent  atoms  which  the  radical  can 
replace.  But  the  number  may  be  diminished  (always  by  an 
even  number)  by  the  affinities  of  two  or  more  polyvalent  atoms 
mutually  saturating  each  other. 

The  radical  C3H3  is  pentavalent ;  since      =  3,  — 
=  n^  =  0,  and     =  3;  then  2 . +  2  — =  2.  3  +  2  —  3  =  5. 

By  the  mutual  combination  of  the  C  atoms  the  radical 
may  become  tri-  or  mono-valent : 

Hxx  Hxx  H  X 

III  III  I  I 

H— C— C— C— H    H— C=C— C— H    H— C  =  C  =  C— H 

III  I 

XXX  X 

Pentavalent.  Trivalent.  Monovalent. 

Similarly  the  radical  C3H4  may  be  tetra-  or  di-valent,  or 
saturated  according  as  the  three  carbon  atoms  use  four,  six, 
or  eight  of  their  twelve  units  of  affinity  for  union  with  each 
other. 

§  107.  The  structure  of  a  molecule  may  become  very 
complicated  by  this  multiple  union  of  polyvalent  atoms.  It  is 
only  in  the  simplest  cases  that  the  chain  of  atoms  is  linear  ; 
but  if  a  polyvalent  atom  is  attached  to  a  tri-  or  tetra-valent 
member  of  the  chain,  a  new  series  may  be  linked  on  to  this 
atom.  If  a  tri-  or  tetra-valent  atom  which  is  already  combined 
to  two  others  (and  consequently  occupies  a  position  inside  the 
chain)  unites  with  a  third  polyvalent  atom,  then  other  atoms 
can  attach  themselves  to  this  new  member.  In  this  way  a 
branched  series  of  atoms  is  obtained  composed  of  several 
linear  chains.  In  the  same  way  these  branches  can  also 
divide,  and  the  new  branches  may  be  united  together  by 
connecting  links,  forming  ring-shaped  or  netlike  structures. 
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In  this  way  very  complicated  relations  arise  which  are  difficult 
of  solution.^ 

The  stable  radicals  of  the  so-called  aromatic  series  (ben- 
zene, naphthalene,  anthracene)  have  in  all  probability  a  con- 
stitution similar  to  one  another,  containing  a  series  of  carbon 
atoms  united  to  form  a  ring. 

The  organic  compounds  of  the  highest  order,  the  sub- 
stances which  are  the  essential  supporters  of  the  life  of  plants 
and  animals,  have  in  all  probability  a  structure  resembling  a 
chain  composed  of  many  links,  and  divided  into  several 
branches.  The  arrangement  of  the  atoms  in  the  simpler 
compounds  is  generally  linear,  or  resembles  a  chain  having  a 
small  number  of  branches. 

Branched  chains  of  atoms  not  infrequently  occur,  even 
amongst  the  more  simply  constituted  compounds.  The  three 
ethyl  radicals  in  tri-ethylamine  form  three  straight  chams, 
which  meet  together  in  the  nitrogen  atom  as  a  centre  : 


§  108.  If  we  ask  for  an  explanation  of  the  remarkable 
fact  that  certain  atoms  only  unite  with  one  other  atom,  some 
with  two,  and  others  again  with  three,  four,  five,  or  six  atoms, 
and  that  when  they  have  united  with  these  they  can  no 
longer  combine  with  any  more,  we  find  that  chemistry  is  in 
the  same  position  that  it  has  been  for  the  last  century.  The 
question  is  only  a  more  definite  form  of  the  question  why  one 
molecular  weight  of  nitric  acid  only  saturates  one  equivalent 
of  potash,  instead  of  two  equivalents,  like  sulphuric  acid,  or 
three,  like  phosphoric  acid.  We  do  not  even  clearly  under- 
stand what  is  fully  impHed  by  the  expression  '  saturates.' 

This  Hmited  action  of  affinity  is  either  due  to  the  fact  that 
the  combined  atoms  occupy  the  space  in  which  the  affinity 
can  assert  itself,  i.e.  occupy  the  sphere  of  action  so  that  no 
more  new  atoms  can  approach,  or  else  it  is  due  to  the  fact 

•  The  possibility  of  the  existence  of  this  class  of  compounds  was  first  pointed 
out  by  Couper,  loc.  cit. 
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that  the  atoms  lose  then-  power  of  entermg  into  combination 
after  they  have  once  combined. 

The  first  explanation  requires  the  assumption  that  each 
monovalent  atom  possesses  only  a  single  position  in  space  in 
which  another  atom  can  be  held  by  it  in  a  state  of  stable  equi- 
librium. A  divalent  atom  would  have  two,  a  trivalent  three, 
tetra-,  penta-,  hexa-valent  atoms  would  have  four,  five,  or  six 
such  positions.  But  the  six  kinds  of  atoms  must  be  of  such 
a  nature  that  a  monovalent  atom  occupies  only  one  of  these 
positions,  while  di-  and  tri-valent  atoms  extend  over  two  or 
three  respectively. ' 

According  to  this  idea,  the  force  by  which  two  atoms  are 
mutually  attracted  finds  its  mathematical  expression  in  a 
function  which  depends  not  only  on  the  distance  between  the 
atoms,  but  also  on  the  co-ordinates  of  certain  axes  within  the 
atoms,  and  would  attain  a.  maximum  for  certain  values  of 
these  co-ordinates.^ 

The  second  explanation,  viz.  that  combmation  changes 
the  atoms  in  such  a  way  that  their  force  of  attraction  is  ex- 
hausted, like  that  of  a  laden  magnet,  resembles  the  basis  of 
the  electro-chemical  theory  of  Berzelius. 

But  it  appears  difficult  to  replace  the  untenable  assump- 
tions of  this  theory  by  more  suitable  hypotheses.  It  is  not 
improbable  that  these  phenomena  are  related  to  electrical 
phenomena,  but  the  knowledge  of  the  connection  between 
electrical  and  chemical  phenomena  has  scarcely  advanced 

'  The  atoms  are  not  in  a  state  of  rest  at  these  centres  of  attraction  ;  on  the 
contrary,  they  are  in  a  state  of  active  motion,  with  these  points  as  centres  of 
equilibrium.  The  motion  may  be  rotary  or  oscillating.  In  those  cases  in 
which  an  atom  fills  two  or  more  of  these  points,  it  is  considered  to  oscillate 
between  or,  rotating,  pass  through  these  centres. 

^  A  function  satisfying  these  conditions  is  obtained  by  the  assumption  of 
definitely  arranged  positive  and  negative  electric  masses  within  the  atom,  the 
attraction  or  repulsion  of  which  rapidly  diminishes  with  the  distance.  We  may 
imagine  the  division  into  positive  and  negative  masses,  arranged  in  such  a 
way  that  both  atoms  are  in  a  state  of  rest  only  in  certain  relative  positions,  so 
that  when  they  are  brought  closer  together  repulsion  ensues,  and  when  they 
are  removed  farther  apart  attraction  ensues.  Finally,  a  lateral  displacement 
would  restore  them  to  a  state  of  equilibrium.  But  as  we  are  completely  in 
the  dark  concerning  the  nature  of  electricity,  hypotheses  of  this  description 
are  unprofitable. 
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beyond  the  views  •  held  by  Davy  that  the  two  phenomena  are 
distinct,  although  produced  by  the  same  power,  acting  in  the 
one  case  on  finite  masses  and  in  the  other  on  the  smallest 
particles  of  these  masses. 

§  109.  After  the  empirical  discovery  of  the  general  law  of 
the  combination  of  atoms  to  form  compounds,  viz.  the  law  of 
atomic  Hnking,  the  next  problem  of  the  science  is  to  discover 
the  arrangement  and  position  of  the  atoms  in  every  compound, 
or,  to  use  the  customary  expression,  to  investigate  the  rational 
formulae  of  compounds. 

The  investigation  of  the  manner  in  which  the  atoms  are 
arranged  is  older  than  the  knowledge  of  the  law  of  atomic 
linking.  The  latter  is  only  a  result  of  this  laborious  research, 
which  had  often  been  declared  to  be  vain  and  fruitless.  The 
investigation  has  acquired  from  this  law  a  more  clearly  defined 
goal,  to  which,  by  the  unwearying  labour  of  numerous  in- 
vestigators, it  is  rapidly  advancing. 

The  clearer  conception  of  the  problem  gained  by  the  know- 
ledge of  atomic  linking  gave  rise  to  the  proposal  of  a  new 
mode  of  expressing  the  new  form  of  the  problem.  In  the 
course  of  time  several  methods  of  expressing  the  manner  in 
which  the  atoms  are  united  together  in  a  compound  have 
come  into  use.  Berzelius,  the  originator  of  our  present 
system  of  chemical  symbols,  distinguished  between  the  em- 
pirical and  rational  formulae  of  chemical  compounds.  The 
former  merely  express  the  composition  from  the  quantitative 
determination  of  the  constituents,  but  the  latter  also  show 
the  manner  in  which  the  constituents  are  supposed  to  be 
combined.  The  inexact  expression,  '  the  rational  composition 
of  a  compound,'  is  occasionally  used,  by  which  is  meant  the 
rational  expression  of  the  composition. 

According  as  more  or  less  importance  has  been  attached 
to  graphic  representation,  the  following  expressions  have 
been  used :  '  position  or  arrangement  of  the  atoms,'  or  the 

'  In  a  paper  read  before  the  Royal  Society,  Nov.  2, 1806.  See  also  Berzelius's 
Jahresber.  1826,  vii.  19  ;  Davy's  Elements  of  Chemical  Philosophy,  1812,  p.  165  ; 
Collected  WorJis,  1840,  iv.  120.  '  They  are  conceived,  on  the  contrary,  to  be 
distinct  phenomena,  but  produced  by  the  same  power,  acting  in  one  case  on 
masses,  in  the  other  on  particles.' 
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more  general  expression,  '  chemical  constitution '  of  the  com- 
pound. Since  the  discovery  of  the  chain-like  union  of  the 
atoms  Butlerow  ^  has  proposed  to  substitute  for  these  expres- 
sions the  term  '  chemical  structure.' 

This  innovation  is,  however,  unnecessary,  since  the  word 
'  constitution  '  conveys  exactly  the  same  meaning  as  But- 
lerow's  term  'structure.'  If  it  is  desired  to  lay  especial 
stress  on  the  fact  that  the  notions  now  in  vogue  regarding 
the  nature  of  the  combination  of  the  atoms  differ  from  those 
formerly  held,  then  it  is  obvious  that  expressions  should  be 
employed  which  clearly  indicate  this  distinction.  But  this 
essential  difference  Hes,  as  was  pointed  out  in  the  first  edition 
of  the  German  version  of  this  book  in  1864,  in  the  assump- 
tion of  the  cham-like  linking  of  the  atoms ;  this  assumption 
is  most  clearly  and  concisely  expressed  by  terming  the  con- 
stitution or  structure,  '  atomic  luakuig.'  There  is  no  reason 
why  one  expression  should  be  used  m  preference  to,  or  to  the 
exclusion  of,  the  others;  there  is  still  less  reason  for  the 
energetic  discussions  which  have  taken  place  on  this  subject. 
In  the  following  pages  these  terms  will  be  used  as  more  or 
less  synonymous. 

§  110.  Whatever  form  of  expression  is  used,  it  is  un- 
deniable that  extraordmary  progress  has  been  made.  At  the 
present  time  aU  efforts  are  directed  to  the  investigation  of 
relations  which  were  formerly  regarded  by  many  chemists, 
but  not  by  all,  as  subjects  which  could  never  be  properly 
investigated.  At  the  present  time  we  consider  this  research 
difficult,  but  we  have  numerous  proofs  in  the  results  which  we 
have  already  gamed  that  it  is  not  only  capable  of  solution 
but  that  it  also  affords  a  very  fruitful  field  for  the  spirit  of 
investigation. 

But  we  are  only  at  the  commencement  of  the  solution  of 
this  problem ;  our  auxiliaries  have  not  yet  been  sufficiently 
developed.  It  is  very  probable  that  the  law  of  atomic  linking 
as  It  IS  known  at  the  present  day,  is  merely  a  special  case  of 
the  general  law  which  governs  the  combination  of  atoms 
At  first  It  was  only  valid  for  gaseous  compounds  and 


was 
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deduced  from  the  molecular  weights  of  such  substances  ;  it 
is  indicative,  however,  of  the  structure  of  many  compounds 
which  are  not  capable  of  existmg  in  the  gaseous  state. 

It  is  especially  applicable,  without  reference  to  the  state 
of  aggregation,  to  the  innumerable  multitude  of  carbon  com- 
pounds. The  mvestigation  of  the  constitution  of  these  bodies 
is  a  problem  of  great  extent  and  of  great  difficulty.  In  the 
present  stage  of  its  development  organic  chemistry,  i.e.  the 
chemistry  of  the  carbon  compounds,  no  longer  directs  its 
efforts  solely  to  the  discovery  of  new  compounds,  but  also  to 
the  unravelling  of  the  inner  nature  of  known  compounds.  At 
the  beginning  of  the  present  century  this  science  could 
scarcely  give  with  certainty  the  composition  of  a  few  organic 
compounds.  Since  then  it  has  not  only  investigated  the 
enormous  amount  of  material  offered  by  nature,  but  has 
continually  created  new  material,  over  which  it  has  extended 
its  dominion. 

But  the  extension  of  territory  has  always  been  accom- 
panied, though  not  always  at  the  same  rate,  by  the  investi- 
gation and  arrangement  of  the  newly  acquired  province.  This 
has  now  become  the  chief  problem  of  the  science. 

Investigation  is  now  specially  directed  to  acquiring  a 
knowledge  of  the  arrangement  of  the  atoms  m  the  molecule. 
The  causes  which  compel  the  atoms  to  assume,  change,  or 
deviate  from  this  order  are  only  secondary  subjects  in  the  in- 
vestigation. 

Chemistry  is  working  at  a  doctrine  of  equihbrium,  a 
statics  of  the  atoms,  with  which  the  doctrine  of  the  motion  of 
the  atoms,  the  dynamics,  is  closely  related. 

§  111.  The  discovery  of  the  manner  in  which  the  atoms 
are  united  together  in  a  molecule  of  a  given  compound  pre- 
supposes the  knowledge  of 

1.  The  molecular  weight ; 

2.  The  nature  and  number  of  the  atoms  entering  into  the 
composition  of  the  molecule  ;  and 

3.  The  chemical  value  of  the  power  of  saturation  of  these 
atoms. 

The  molecular  weight  is  determmed  by  Avogadro's  law ; 
the  number  and  nature  of  the  atoms  contained  in  the  molecule 
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is  found  by  the  chemical  analysis  or  synthesis  of  the  compound. 
The  chemical  value  of  each  element  is  determined  from  the 
composition  of  its  most  simple  compounds.  Formerly  the 
valence  was  generally  deduced  from  the  compounds  tabulated 
in  §  90. 

Important  and  vaHd  reasons  have  been  advanced  against 
the  general  use  of  the  equivalence  of  the  atoms  as  determined 
in  this  way,  which  will  be  more  fully  discussed  m  section  IX. 
In  the  present  instance  it  is  assumed  that  the  valence  of  all 
the  elements  in  question  is  known. 

When  only  the  composition  and  not  the  molecular  weight 
:  is  known,  the  latter  is  often  assumed  hypothetically  by  re- 
:  garding  the  formula  deduced  from  analysis  as  the  molecular 
weight.  Of  course  all  fm-ther  conclusions  stand  or  fall  with 
i  the  correctness  of  this  assumption,  on  which  they  are  based. 
^  We  start  with  the  assumption  that  both  the  composition  and 
t  the  molecular  weight  are  known. 

As  a  rule,  the  structure  is  discovered  more  easily  when  the 
1  molecule  only  contains  a  small  number  of  atoms  and  a  small 
1  number  of  elements.  The  difficulty,  as  a  rule,  increases  with 
t  the  addition  of  polyvalent  atoms,  since  they  can  produce 
t  double  linkings.  On  the  other  hand,  a  relative  increase  in 
t  the  number  of  monovalent  atoms  usually  makes  the  problem 
t  easier  by  limiting  or  preventing  the  possibility  of  the  atoms 
c  combining  to  form  closed  chains,  and  the  possibility  of  un- 
8  satm'ated  affinities. 

When  the  molecular  weight  of  a  compound  is  given,  and 
the  number  and  nature  of  the  atoms  forming  the  molecule 
are  known,  the  first  problem  to  be  solved  is  to  determine  all 
the  possible  forms  of  combination  which  these  atoms  can 
form,  according  to  their  nature  and  number.  This  first 
problem  is  purely  mathematical,  and  can  be  solved  by  the 
methods  of  combinations,  permutations,  and  variations.  If 
the  answer  to  this  question  indicates  several  forms  of  combi- 
nation, then  it  appears  that  it  is  possible  for  several  com- 
[)0unds  to  exist  which  contain  the  same  constituents  arranged 
differently.  Conformably  with  this  result  of  theory,  experience 
has  long  since  shown  that  compounds  frequently  occur  which 
are  identical  in  composition,  but  possess  different  properties. 
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Sucli  bodies  are  said  to  be  isomeric  or  isomerides.  If  these 
isomeric  compounds  have  the  same  molecular  weight,  then  the 
difference  in  their  properties  can  only  be  due  to  a  difference 
in  the  atomic  linking.  Such  isomeric  compounds  are  said  to 
be  metameric.  But  if  the  molecular  weight  of  one  compound 
is  a  multiple  of  the  other,  then  they  are  termed  polymeric,  an 
expression  which  is  especially  employed  with  regard  to  such 
compounds  in  which  identical  or  similar  atomic  linking  is 
assumed. 

Where  such  isomerides  appear  possible,  that  is,  where 
several  forms  of  combination  may  exist,  the  second  problem 
to  be  solved  is,  which  of  these  forms  of  combination  corre- 
sponds to  the  constitution  of  the  given  compound  ?  by  which 
of  the  possible  formulee  is  the  nature  of  the  combination  to 
be  expressed  ?    This  second  problem  is  purely  experimental, 
and  can  only  be  solved  by  experimental  (chemical)  means. 
The  successful  solution  of  this  problem  is  often  very  difficult ; 
in  most  cases  it  demands  great  caution,  and  generally  assumes 
a  rich  empirical  material,  which  can  only  be  acquired  by 
laborious  investigations.    But  with  every  care  and  trouble, 
every  consideration  and  precaution,  the  attempts  to  solve 
this  problem  have  often  led  to  delusions  and  errors,  which 
were  only  removed,  or  have  still  to  be  removed,  by  renewed 
exertions.    The  solution  of  this  problem  has  scarcely  been 
attempted,  to  say  nothing  of  its  accomplishment,  for  a  large 
number  of  compounds  which  have  been  both  analysed  and 
investigated.  But  if  we  remember  that  really  effective  investi- 
gations of  this  nature  were  first  attempted  half  a  century  ago, 
and  that  they  were  for  a  long  time  regarded  by  many  chemists 
with  suspicion,  as  being  too  bold,  we  may  be  proud  of  the 
numerous  results  which  have  been  acquired,  and  can  look  to 
the  future  with  hope  and  confidence.    If  the  words  of  the 
poet. 

Ins  Innere  der  Natur  dringt  kein  erschaffener  Geist, 

are  in  any  sense  true,  then  the  nature  of  the  arrangement  of 
the  atoms  belongs  to  the  '  inner  '  nature  of  matter  just  as 
little  as  do  the  most  distant  objects  in  the  universe  of  the 
condition  and  constituents  of  which  we  have  been  able  to 
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gain  information,  although  they  only  appear  to  our  most  power- 
ful telescopes  as  feebly  luminous  points  or  nebulous  spots. 

§  112.  In  many  cases  the  solution  of  the  first  part  of  the 
problem,  viz.  the  discovery  of  the  possible  forms  of  combina- 
tion for  a  given  composition,  is  simple  and  easy,  but  in  some 
;  cases  it  is  most  difficult  and  comphcated.    The  difficulty  of  its 
solution  depends  essentially  on  the  chemical  value  and  on  the 
■('number  of  the  atoms  contained  in  the  molecule.    We  will, 
therefore,  consider  the  problem  from  both  points  of  view.  But 
tit  is  unnecessary  to  investigate  all  the  cases  which  are  pos- 
sible, smce  in  many  mstances  they  cannot  be  appHed  to  any 
known  compounds.    The  cases  will  be  chosen  so  that  each 
'  may  be  illustrated  by  a  concrete  example.    It  will  be  seen 
that  the  number  of  examples  of  a  given  kind  is  often  very 
5maU,  so  that  in  many  cases  they  can  be  easily  enumerated, 
whilst  in  other  groups  the  space  at  our  disposal  no  longer 
oermits  of  then-  treatment  in  detail. 

The  constitution  of  compounds  composed  of  monovalent 
■lements  is  obvious.  Since  only  two  atoms  can  unite  together, 
he  structm-e  of  all  these  compounds  is  identical, 

A— B  which  is  identical  with  B — A, 

I  .mce  the  sequence  of  the  atoms  cannot  in  this  case  give  rise 
i  0  any  difference.    Monovalent  atoms  cannot  form  compounds 
someric  with  each  other. 

In  addition  to  the  four  compounds  HF,  HCl,  HBr,  HI, 
1  the  first  division  of  the  first  table  of  §  90,  p.  177,  the'only 
ther  compounds  of  monovalent  atoms  which  are  known  are 
he  molecules  of  the  elements  themselves,  viz.  HH,  FF, 
!1C1,  BrBr,  II,  and  iodme  chloride,  ICl,  and  the  compounds^ 
Br  and  BrCl,  also  probably  belong  to  this  class. 

According  to  theory,  compounds  composed  entirely  of 
ivalent  elements  must  either  form  closed  rings  or  contain 
SVG  free  affinities. 

A-B-C 

I  I  or  — A— B— C— D— E— F— 

F— E— D 

A  different  arrangement  of  the  atoms,  and  also  the  fact 
f  the  chain  being  open  or  closed,  appears  to  render  the 
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existence  of  isomerides  possible.  In  the  small  number  of 
compounds  of  this  description,  which  are  capable  of  existing 
in  the  gaseous  state,  no  cases  of  isomerism  have  yet  been 
observed.  If  sulphur  and  selenium  are,  as  many  chemists 
assume,  divalent  in  the  compounds  SOj,  SeOg,  and  SO3,  then 
they  form  either  ring-shaped  or  open  chains.  In  the  latter 
case  each  must  contain  two  unsaturated  affinities. 

Some  divalent  elements,  like  Cd  and  Hg,  occur  in  the 
isolated  state  as  mdividual  atoms,  consequently  with  non- 
saturated  affinities;  others  whose  divalence  is  not  beyond 
doubt  form  molecules  of  two  or  more  atoms,  e.g.  oxygen  0^, 
ozone  probably  O3,  either  united  in  a  ring  or  as  an  open  chain  ; 
sulphur  at  500°  C,  i.e.  near  its  boiling  point,  Sg,  between  800° 
and  1000°  S^.  Selenium  above  1400°  Se^,  at  a  somewhat  lower 
temperature  some  particles  at  least  are  larger,  probably  Seg  or 
Se  .    Compounds  of  divalent  with  monovalent  elements  can 

only  exist  as  open,  not  branched  chains  :  a — A — B — C—  B—h, 
which  can  never  contain  more  than  two  monovalent  atoms 
(§  101).  This  theoretical  result  is  in  accordance  with  experi- 
ence, since  no  compound  of  this  description  is  known  to 
contain  more  than  two  monovalent  atoms  in  the  molecule. 

No  isomerides  can  exist  of  compounds  containmg  only  one 
description  of  divalent  atoms. 

Water,  H-0— H 
Hypochlorous  oxide,  CI — 0 — CI 
Sulphuretted  hydrogen,  H — S — H 
Seleniuretted  hydrogen  H — Se — H, 
Telluretted  hydrogen,  H— Te— H. 

According  to  theory  no  isomers  can  exist  of  compounds  con- 
taining two  dissimilar  divalent  and  two  similar  monovalent 
atoms ;  e.g. 

Thionylchloride,  CI— S— 0— CI 
Selenylchloride,  CI— Se-0— CI. 
Cases  of  isomerism  are  possible  as  soon  as  the  molecule 
contains  more  than  two  divalent  atoms  of  two  or  more  different 
species.  It  is  doubtful,  however,  whether  molecular  weights 
of  compounds  of  this  composition  have  been  determmed.  If 
the  acid  chlorides  of  sulphur  belong  to  this  class,  then 
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isomerides  of  sulpliuryl  chloride,  SOjClg,  chlorosulphonic  acid, 
SO3HCI,  pyrosulphm-yl  chloride,  S2O5CI2,  may  exist.  Their 
number  can  be  easily  calculated  by  permutations.  Two  com- 
pounds having  the  composition  of  sulphuryl  chloride  are 
possible  : 

CI— 0— S— 0— CI,  and  CI— S— 0—0— CI. 

Only  one  of  these  is  known.  It  receives  the  first  formula  on 
account  of  its  chemical  properties.  Four  different  arrange- 
ments of  the  atoms  are  possible  in  the  case  of  chlorosul- 
phonic acid. 

Cl-0-0— 0— S— H  CI— 0-0— S— 0-  H 

Cl-O-S-0-  0— H  CI— S— 0— 0— 0— H 

Chemists  who  regard  sulphur  and  oxygen  as  divalent  assign 
the  third  of  these  formulaa  to  the  only  known  compound  having 
this  composition.  A  compound,  which  differs  from  pyrosul- 
phuryl  chloride  SjOsCla,  by  contammg  two  different  monovalent 
atoms,  e.g.  one  of  bromine  and  one  of  chlorme,  could  form 
twenty-one  different  isomerides,  6-|-5-f4-F3-h2-|-l  =  21. 
But  if  both  the  monovalent  atoms  were  alike,  then  nine  pairs 
of  these  compomids  would  be  identical,  so  that  21  — 9,  i.e.  12 
different  formulae  for  pyrosulphuryl  chloride  are  possible. 

The  only  known  compound  of  this  composition  has  the 
constitutional  formula  CI— 0— S— 0— 0— 0— 8-  0— CI,  as 
deduced  fi'om  its  mode  of  formation  and  chemical  properties. 
The  fact  that  none  of  the  isomerides  of  these  compounds  are 
known  to  us  renders  the  hypothesis  of  the  divalence  of  sulphur 
and  selenium  doubtful. 

§  113.  Strange  to  say,  all  the  compounds  of  trivalent  with 
monovalent  elements,  the  molecular  weights  of  which  have 
been  determined  by  Avogadro's  law,  contain  only  one  atom  of 
the  tnvalent  element.  These  compounds  are  tabulated  in  §  90 
under  III.  No  compound  in  the  gaseous  state  is  known  con- 
tammg two  or  three  kinds  of  monovalent  elements  combined 
with  a  trivalent  element.    All  compounds  of  this  group  are, 

therefore,  formed  on  the  model  "    ]       in  which  isomerism 
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is  impossible.^  The  trivalent  elements  form  some  compounds 
with  divalent  elements,  which  differ  in  the  atomic  arrangement 
of  their  molecules  :  some  of  these  compounds  undoubtedly 
possess  free  affinities.  The  arrangement  of  the  atoms  in  these 
compounds  is  often  very  doubtful,  as  different  combinations 
appear  possible  in  almost  all  cases.  The  investigation  is  ren- 
dered especially  difficult  by  the  doubt  which  reasonably  exists 
as  to  whether  the  elements  nitrogen,  phosphorus,  &c.,  which 
appear  to  be  trivalent  in  their  compounds  with  hydrogen,  should 
also  be  regarded  as  trivalent  in  their  oxygen  compounds. 

Nitrogen  and  oxygen  form  three  compounds,  the  molecular 
weights  of  which  can  be  determined,  nitric  oxide,  NO,  nitrous 
oxide,  NgO,  and  the  so-called  nitrogen  di-  or  tetroxide;  the  mole- 
cular weight  of  the  latter  is  represented  by  N2O4  at  low  tempera- 
tures, and  NO2  at  higher  temperatures.  In  the  latter  state  this 
compound,  like  nitric  oxide,  contains  one  or  more  free  affinities, 
since  the  sum  of  these  affinities  is  uneven,  for  nitric  oxide 
3-f  2  =  5,  nitrogen  tetroxide  3  +  2  +  2  =  7.  The  molecular 
weight  of  nitrogen  trioxide,  which  is  hypothetically  assumed  to 
be  N2O3,  has  not  been  and  perhaps  never  will  be  determined. 

If  N  is  trivalent  ^  these  compounds  have  the  following 
constitution. 

N  =  N  ■ 
Nitrous  oxide  \y 
0 

Nitric  oxide  0  =  N-* 

Nitrogen  peroxide  at  high  temperatures  0  =  N  — 0  — * 

Nitrous  anhydride  0  =  N-0  — N  =  0 

Nitrogen  peroxide  at  low  temperatures  0=N  — 0  — 0— N  =  0 

For  nitrous  oxide  only  one  mode  of  arrangement  of  the 
atoms  is  possible,  unless  free  affinities  are  assumed  to  exist 
in  the  molecule,  and  there  is  no  reason  for  assuming  this  to 
be  the  case.  At  least  one  free  affinity  is  contained  in  nitric 
oxide  NO,  and  also  in  nitrogen  peroxide  at  high  temperatm-es. 
Unless  this  number  of  free  affinities  is  unnecessarily  assumed 
to  be  larger,  then  the  constitution  of  NO  given  above  is  the 

Another  view  of  the  constitution  of  these  oxides  wiU  be  discussed  in 
Section  IX.  §  178. 
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only  one  possible.  A  second  formula  is  possible  for  NO2,  in 
which  the  nitrogen  would  possess  the  free  affinity.  Several 
combinations  are  possible  in  the  case  of  N^Og  and  NgO^.  The 
constitution  given  above  is  ascribed  to  them  on  account  of  the 
ease  with  which  they  are  formed  from,  and  are  converted  into, 
nitric  oxide.  Arsenious  and  antimonious  oxides,  As^Og  and 
Sb^Og,'  the  molecular  weights  of  which  are,  as  a  rule,  in- 
correctly given  in  textbooks  as  AS2O3  and  SbgOy,  may  be 
represented  by  one  of  several  structural  formulae.  The  most 
probable  of  these  are 

As— 0— As  Sb— 0— Sb 

0000  0000 


As— 0— As  Sb— 0— Sb 

which  exhibit  perfect  symmetry  as*  regards  the  atoms  of  the 
metals. 

But  these  oxides  are  isodimorphous,  and  arsenious  oxide 
also  occurs  in  a  third  amorphous  modification.  These  dif- 
ferent conditions  probably  correspond  to  three  different 
constitutional  formulae. 

Many  compounds  of  determinable  molecular  weight  are 
known  which  may  be  regarded  as  composed  of  tri-,  di-,  and 
mono-valent  elements ;  e.g.  the  acid  chlorides  and  bromides  of 
nitrogen  and  phosphorus.  But  the  molecular  weights  of  only 
a  few  of  these  bodies  have  been  determined,  and  these  contain 
only  a  small  number  of  atoms  in  the  molecule.  This  is  pro- 
bably true  of  the  other  analogous  compounds,  the  molecular 
weights  of  which  have  still  to  be  determined. 

The  molecular  weights  of  phosphorus  oxychloride,  POCI3, 
and  phosphorus  thiochloride,  PSCI3,  have  been  determined. 
The  constitutional  formulae  of  these  bodies  are 

CI— P_0-C1  Cl-P-S-Cl 
(ll  CI 

]  Phosphorus  oxybromide,  VOBr,,  and  phosphorus  oxychloro- 
'  bromide,  POCl^Br,  are  considered  to  have  analogous  constitu- 

'  V.  and  C.  Meyer,  Ber.  d.  deut.  chem.  Ges.  1879,  1282. 
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tions  and  analogous  molecular  weights.  Isomerides  could  only 
exist  in  the  case  of  the  last  compound,  according  as  CI  or  Br 
is  united  with  0  ;  but  such  isomerides  are  not  known. 

In  thek  experiments  on  the  vapour  density  of  nitric  acid, 
Wanklyn  and  Playfair  '  found  numbers  which  were  somewhat 
higher  than  the  molecular  weight  HNO3  =  62*9. 

This  cannot  arise  from  a  partial  decomposition  of  the  acid, 
since  the  products  of  decomposition  would  occupy  a  larger 
and  not  a  smaller  volume  than  the  vapour  of  the  undecom- 
posed  acid.  The  only  explanation  which  remains  is  that  a 
small  portion  of  the  acid  has  a  larger  molecular  weight, 
HaNgOg  =  125-8,  for  example.  If  nitrogen  is  trivalent,  the 
molecular,  weight  HNO3  can  be  represented  as 

0\ 

0  =  N— 0-0— H,  or  I  >N— 0— H. 

The  molecular  weights  of  some  of  the  five  oxychlorides  and 
oxybromides  of  nitrogen  have  been  indirectly  determined,  and 
others  are  still  undetermined.  But  in  all  probability  they 
correspond  to  the  formulae, 

NOCl .  NOCI2 .  NOBr  .  NOBr^ .  NOBrg 

The  second  and  fourth  of  these  formulae  exhibit  free  affinities, 
the  fifth  is  analogous  to  phosphorus  oxychloride.  The  first 
and  third  formula  are  connected  with  the  preceding  constitu- 
tional formulae  for  nitric  oxide  and  its  derivatives  ;  e.g. 

0  =  N-Cl,  and  0  =  N-Br, 

which  easily  explams  the  formation  of  these  compounds  from 
nitric  oxide,  as  observed  by  Gay-Lussac  ^  and  Landolt.^ 

The  investigation  of  the  constitution  of  the  oxychlorides 
and  bromides  of  nitrogen  and  phosphorus  possesses  a  special 
interest  at  present,  as  many  chemists  regard  the  nitrogen  and 
phosphorus  atoms  in  these  compounds  as  pentavalent.  In  tins 
case  these  elements  do  not  belong  to  the  thu:d  but  to  the  fifth 
group,  the  group  of  pentavalent  elements.    Accordmg  to  this 

>  Proc.  Soc.  Roy.  Edin.  1861,  iv.  395  ;  Kopp  and  Will,  Jahrcsber.  1861, 
xiv.  23.  '  Ann.  Chim.  Phys.  [3]  1848,  xxiii.  203. 

3  Lieb.  Aim.  1860,  cxvi.  177. 
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view,  they  would  be  represented  by  the  following  structural 
formulsB  : 

N  P  P  P 


0  Br  Br  Br       0  CI  CI  CI       0  Br  Br  Br       0  CI  CI  Br 

'  This  subject  will  be  discussed  in  Section  IX. 

§  114.  The  molecular  weights  of  a  very  large  number  of 
compounds  containing  tetravalent  elements  have  been  deter- 

1  mined.  The  large  number  and  the  diversity  of  the  compounds 
is  essentially  due  to  those  of  carbon,  as  this  element  is  dis- 

t  tinguished  from  all  others  by  the  great  tendency  of  its  atoms 

:  to  unite  with  one  another  forming  long  and  complicated  series. 
If  the  carbon  compounds  are  not  taken  into  account,  the 
number  of  the  compounds  of  the  tetravalent  elements  which 
are  known  in  the  gaseous  state  is  not  large.  The  compounds 
in  column  IV.  of  the  table  §  90,  which  are  composed  of  one 
tetravalent  and  four  monovalent  atoms,  belong  to  this  class. 
To  these  may  be  added  ferric  chloride  and  aluminium  chloride, 
bromide  and  iodide  which  contain  two  tetravalent  atoms  in 
the  molecule.  The  constitution  of  these  compounds  is  repre- 
sented by  the  following  formulae : 

CI    CI  CI  CI 

II  II 
CI— Fe— Fe-Cl  CI— Al— Al— CI 

II  II 
CI    CI  CI  CI 

Br    Br  1  I 

Br— Al— Al— Br  I_ll_Al_I 

I      I  I  I 

Br    Br  II 

No  other  arrangement  of  two  polyvalent  and  six  monovalent 
atoms  is  possible.  It  is,  however,  questionable  whether  Al  and 
Fe  are  really  tetravalent. 

§  115.  With  the  exception  of  the  small  number  of  cases 
mentioned  in  the  preceding  paragraphs,  our  knowledge  of 
atomic  linking  and  of  the  constitution  of  compounds  is  con- 
fined exclusively  to  the  numerous  carbon  compounds,  which 
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daily  increase  in  number.  The  constitution  of  the  large 
majority  of  these  compounds  has  still  to  be  investigated.  The 
methods  employed  hi  the  investigation  of  atomic  linking  have 
arisen  from  the  investigation  of  carbon  compounds.  The 
methods  which  were  formerly  used  to  investigate  the  so-called 
'  organic  radicals  '  have  been  developed,  and  are  now  directed 
towards  a  clearly  defined  goal.  The  radicals  are  now  recognised 
as  atomic  chains  separated  from  a  compound. 

For  compounds  of  carbon  with  different  monovalent  ele- 
ments the  following  equation  holds :     £^      +  2. 

The  problem  is  the  simplest  when  neither  free  affinities 
nor  double  Imkings  of  the  carbon  atoms  occur.  This  is  the 
case  when  Wj  =  f  2,  that  is,  when  the  compound  contains 
the  maximum  number  of  monovalent  atoms,  which  is  two 
more  than  double  the  number  of  C  atoms. 

This  will  be  the  first  case  for  investigation. 

When  =  1  and  consequently  =  4,  no  cases  of 
isomerism  are  possible,  unless  we  assume  that  the  four  units 
of  affinity  of  one  and  the  same  carbon  atom  differ  from  each 
other.  At  present  there  are  no  sufficient  grounds  for  this 
assumption.  No  isomers  are  known  of  this  class  of  com- 
pounds, whether  they  contain  one  or  more  kinds  of  monovalent 
atoms ;  e.g. 

CH,        CH3F  CH3CI  CHgBr  CH3I 

Marsh  gas.  Metliylfluoride.  Methyl  chloride.  Methyl  bromide.  Methyl  iodide. 

CHCI3  CHBrg  CH2CI2  CCI4 

Chloroform.        Bromoform.       Methylene  chloride.       Carbon  tetrachloride. 

Isomerism  is  possible  when  two  or  three  carbon  atoms 

combine  together,  provided  that  the  monovalent  atoms  are  not 

all  of  the  same  element ;  it  is  impossible  when  the  monovalent 

atoms  are  all  of  the  same  description,  as  hydrogen,  for  example. 

Only  one  mode  of  arrangement  of  the  atoms  is  possible  for 

the  compounds :  H    H  H    H  H 

II  III 
C,H, '  and  CgHg,  viz.  H— C-C-H     H— C-C-C-H 

II  III 
H    H  H   H  H 

•  Two  hydrocarbons  of  the  compositions  C^H^  were  formerly  believed  to 
exist— one  formed  from  GM^  and  H,  the  other  from  CH3  and  CH,.  The 
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or,  to  use  more  simple  formulae, 

HgC— CH3  and  H3C— CHg— CH3. 

The  existence  of  isomerides  of  the  second  of  these  com- 
pounds is  possible,  as  soon  as  a  single  atom  of  a  different 
monovalent  element,  e.g.  chlorine,  replaces  one  of  the  hydrogen 
atoms.    In  the  first  of  these  compounds,  however,  it  is  quite 
clear  that  both  the  carbon  atoms  occupy  similar  positions,  and 
it  is  quite  immaterial  whether  the  chlorine  atom  is  attached  to 
the  first  or  to  the  second  atom  of  carbon.    But  in  compounds 
in  which  three  carbon  atoms  are  linked  together  the  position 
'  of  the  middle  C  atom  differs  from  that  of  the  end  atoms.  Con- 
:  sequently  two  different  compounds  can  be  formed  when  an 
;  atom  of  hydrogen  is  replaced  by  a  chlorine  atom.    These  are 
not  identical  but  merely  isomeric  : 

H3C— CH2— CH2CI  and  H3C— CHCl— CH3. 

1  In  the  case  of  the  hydrocarbon  containing  two  carbon  atoms, 
i  isomerism  is  only  possible  when  two  atoms  of  hydrogen  are 
substituted  by  chlorine ;  e.g. 

H3C— CHCI2  and  CIH2C— CH2CI. 

Two  different  substances  can  also  be  produced  by  a  further 
^  substitution  of  chlorine  for  hydrogen,  HgClC— CCI3,  and 
1  HCI2C— CHCI2. 

But  the  possibility  of  isomeric  compounds  now  ceases, 
B  since  there  is  only  one  form  for  the  composition  HClgC — CCI3, 
and  of  the  final  product,  carbon  sesquichloride  CI3C— CCI3. 
The  results  of  observation  exhibit  complete  agreement  with 
;  the  deductions  from  theory ;  in  accordance  with  theory  only 
'  one  compound,  GJi^,  is  known,  one  C^HgCl,  two  CJIfil^,  two 
■  C^HgClg,  two  C2H2CI,,  one  C^HCl^,  and  one  C,C\. 

If  the  compound  contains  three  or  more  different  kinds  of 
monovalent  atoms,  then  it  is  possible  to  have  more  than  two 
isomeric  compounds.  The  number  of  possible  isomerides  can 
oasily  be  calculated.  Assuming  that  all  the  monovalent  atoms 

former  was  called  ethyl  hydride  and  the  latter  dimethyl.  The  identity  of  these 
l.odies  was  proved  by  C.  Schorlemmer  (Ann.  Chem.  Pharm.  1864  cxxxi  76- 
'  vxxii.  234).  '         ■  ' 
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are  of  different  kinds,  and  distinguishing  them  by  the  numbers 
1  to  6,  then  the  following  combinations  will  be  possible  : 


Attached  to  the 
first  0  atom 

1,  2,  3 

1,  2,  4 

1,  2,  5 

1,  2,  6 

1,  3,  4 


Attached  to  the 
first  0  atom 

1,  3,  5 

1,  3,  6 

1,  4,  6 

1,  4,  6 

1,  5,  6 


Attached  to  the 
second  C  atom 

4,  5,  6 

8,  5,  6 

3,  4,  6 

3,  4,  5 

2,  5,  6 


Attached  to  the 
second  C  atom 

2,  4,  6 

2,  4,  5 

2,  3,  6 

2,  3,  5 

2,  3,  4 


The  number  of  possible  combinations  is  ^       o    q  ~ 

If  two  of  the  six  monovalent  atoms  are  of  the  same  de- 
scription, three  of  these  ten  combinations  will  be  identical 
with  the  other  three,  so  that  the  number  of  possible  isomeric 
compounds  is  diminished  by  three.  It  is  clear  that  if  three  of 
the  atoms  are  alike,  the  number  will  be  diminished  by  six  ; 
and  if  four  are  alike,  it  will  be  diminished  by  eight ;  so  that 
only  two  isomeric  compounds  are  possible,  as  was  shown 
above. 

§  116.  It  has  been  previously  stated  that  when  three  carbon 
atoms  are  Imked  together  no  isomeric  compounds  are  possible 
so  long  as  the  monovalent  atoms  are  all  of  the  same  nature. 
Only  one  single  compound  can  exist  which  is  composed  of  three 
similar  tetravalent  and  eight  similar  monovalent  atoms.  But 
if  the  eight  monovalent  atoms  were  all  different,  there  are, 
according  to  the  rules  of  combinations,  no  less  than  280  forms 
of  combination  according  to  the  manner  in  which  these  atoms 
are  united  to  the  three  similar  tetravalent  atoms.  No  less 
than  280  different  isomeric  compounds  can  exist,  all  of  which 
have  a  structure  similar  to  the  following : 

2  4  6 

I     I  I 
1_C_C— C— 8 

I     I  1 

3  5  7 

This  is  obvious,  when  it  is  remembered  that  the  two 
affinities  4,  5  of  the  central  carbon  atom  can  be  occupied  by 
twenty-eight  different  combinations  of  two  of  the  eight  mono- 
valent atoms  7  +  6  +  5  +  4  +  3  +  2+1=  28. 
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In  each  of  these  twenty-eight  different  arrangements,  the 
remaining  six  atoms  may  be  combined  in  ten  different  forms, 
a  as  was  shown  in  the  preceding  paragraph. 

In  reahty  such  a  dreadful  multiplicity  of  compounds  does 
I  :  not  appear  to  be  possible,  since  only  four  different  kinds  of 
L  monovalent  atoms  are  known  possessmg  the  power  of  replacing 
tthe  hydrogen  in  hydrocarbons.  Including  hydrogen,  there  are 
;  therefore  five  different  kinds  of  monovalent  atoms  :  hydrogen, 
I  chlorine,  bromine,  iodine,  and  fluorine.  These  elements  would 
I  be  able  to  form  a  very  large  number  of  isomeric  compounds 
^iwith  three  atoms  of  carbon.    At  present  only  a  very  small 
number  of  compounds  of  carbon  with  more  than  two  kinds 
of  monovalent  elements  have  been  prepared,  so  that  it  is 
unnecessary  to  enter  into  theoretical  considerations  of  such 
compounds.     Our  speculations  will  be  confined  to  com- 
pounds containing  only  two  kinds  of  monovalent  elements,  as 
hydrogen  and  chlorine,  for  example. 

When  an  atom  of  hydrogen  in  CgHg  is  substituted  by  an 
atom  of  chlorine,  two  isomeric  compounds  may  be  formed, 
since  the  chlorine  may  combine  with  the  middle  or  one  of  the 
end  carbon  atoms. 

A.  CH3— CHOI— CH3,  or  B.  CH3— CH  — CH^Cl. 

By  the  addition  of  a  second  chlorine  atom  to  either  of 
L  these  substitution  products,  two  new  substitution  products 
containing  two  atoms  of  chlorine  may  be  derived  from  the 
first  (A)  and  three  from  the  second  {B)  of  these  chlorides. 
But  one  of  the  products  from  A  is  identical  with  one  of  the 
products  from  B.  Four  isomeric  compounds  CgHgCla  are 
therefore  possible. 

CH3-CHC1-CH,C1  CH3-CH-CHCI2 
CH3-CCI,— CH3  CH,C1-CH— CH^Cl. 

It  is  also  obvious  that  five  different  isomeric  compounds 
of  the  composition  C3H-CI3  may  exist,  and  six  compounds 
liavmg  the  formula  C3H,C1,.    The  number  of  isomerides  de- 
feases in  the  same  way  as  it  increased,  when  the  number  of 
cblorine  atoms  is  increased  at  the  expense  of  the  hydrogen. 
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The  following  thirty  compounds  of  three  carbon  atoms  with 
eight  chlorine  or  hydrogen  atoms  may  exist : 

CgHg        1  compound.  C3H3CI5    5  compounds. 

CgH^Cl     2  compounds.  CgH^Cle  4 

CgH^Cl^    4         „  C3HCI,  2 

C3H5CI3    5         ,,  CgClg       1  compound. 

C3H4CI4  6 

Whether  all  these  compounds  can  be  produced  by  the 
action  of  chlorine  on  the  hydrocarbon  C3H8  cannot  at  present 
be  ascertained. 

§  117.  This  large  number  of  compounds  is  greatly  in- 
creased as  soon  as  different  arrangements  of  the  carbon  atoms 
are  possible.  This  occurs  when  four  or  more  carbon  atoms 
are  linked  together  in  a  compound,  as  the  formation  of  one  or 
more  side  chains  then  becomes  possible.  Two  kinds  of  link- 
ing are  possible  for  four  carbon  atoms  ;  e.g. 

C_C— C— C  and         C— C— C 

I 

C 

Three  for  five  atoms  :  C 

I 

c_c— C— C— C        C— C-C— c        c— c-c 

c  c 

and  five  different  arrangements  of  six  atoms  : 

C_C— C-C— C— C  C-  C-C— C-C 

I 

c 

c 

c_c-c— C-C       c— C-C— c       c— c— c-c 
c  i  c  c 

There  are  nine  different  arrangements  of  seven  atoms,  and 
eighteen  of  eight  atoms,  &c. 

In  all  these  different  systems  of  atoms  +  2  affinities, 
which  are  not  used  in  linking  the  carbon  atoms  together,  are 
available  for  combination  with  other  atoms,  so  that  an  aston- 
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Lishingly  large  number  of  compounds  is  possible,  even  when  the 
92^4  +  2  affinities  are  merely  satisfied  by  monovalent  atoms. 

The  existence  of  isomerides  of  this  description  was  pre- 
ddicted  by  Kolbe  '  on  theoretical  grounds  before  the  existence  of 
aany  of  these  compounds  had  been  proved.  Kolbe  started  with 
tithe  idea  that  by  the  substitution  of  CH3,  or  an  analogous  radical, 
!for  H  in  a  compound  of  the  formula  CH3 — X,  for  example, 
CCH3  .  OH,  a  single  body  would  be  produced,  CHg  .  CHg — X. 
IThis  latter  would  yield  two  substitution  products, 

CH3— CH^—CHg— X    and    CH3— CH— X 

1 

CH3 

ifrom  which  three  derivatives  could  be  obtained,  and  so  on. 

CH3 

.  CH3 — CHg — CH2 — CH2 — X  CHg — CHg — CH — X  CHg — C — X 

CH3  CH3 

After  these  predictions  of  Kolbe' s  had  been  confirmed  by 
)experience  he  advanced  further  speculations,  which,  however, 
(require  fm-ther  confirmation.^ 

While  it  is  generally  agreed  that  the  great  difference  in 
fcthe  behaviour  of  two  hydrogen  groups  in  a  compound 
ICH3— CHg— X,  for  example,  CHg— CHg— OH,  is  caused  by 
Hthe  vicinity  of  X,  OH,  &c.,  Kolbe  attributes  the  cause  to  the 
opposite  properties  of  the  carbon  atoms.    According  to  his 
hypothesis  two  methyl  groups  (CHg)  can  unite  in  two  different 
ways,  according  as  they  are  equally  *  co-ordinated,'  or  one  is 
'  subordinated '  to  the  other,  so  that  two  hydrocarbons  of  the 
composition  CgHg  are  possible.    Their  composition  is  repre- 
sented by  Kolbe  by  the  formulas  ^ 

CHg— CHg       and       CH3I  ^ 

Hgl^ 

Dimethyl.  Methylated  methane. 

•  Kolbe,  Ausf.  Lehrb.  d.  org.  Chemie,  i.  6(57  (written  in  1868) ;  Lieb.  Ami 
!  sGO,  cxiii.  305  ;  Zeitschr.  Chem.  Pharm.  1862,  687. 

2  See  aeveral  articles  in  the  Journ.f.  prak.  Chemie,  also  his  Kurz.  Lehrb. 
'l.  org.  Chemie. 

'  Kurz.  Lehrb.  d.  org.  Chemie,  Braunschweig,  1879,  p.  84. 
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The  first  is  regarded  as  formed  by  the  union  of  two  methyl 
(CH3)  radicals,  the  second  by  the  substitution  of  methyl  (CH3) 
for  an  atom  of  hydrogen  in  marsh  gas  or  methane,  in  which 
the  three  other  hydrogen  atoms  retain  their  typical  character, 
which  is  not  possessed  by  the  three  new  atoms  (see  §  99). 
This  is  expressed  in  the  second  formula  by  placmg  the  sub- 
stituted CH3  (which  is  regarded  as  subordinate  to  the  other), 
and  the  three  original  typical  hydrogen  atoms  before  the 
bracket,  but  the  chief  carbon  atom  is  placed  after  the  bracket. 
Where  the  difference  exists  between  these  two  kinds  of  com- 
pounds, why  one  atomic  group  is  more  important  than  the 
other  similar  group  is  only  slightly  hinted  at  by  Kolbe.  He 
believes  that  the  four  hydrogen  atoms  of  methane  are  united 
to  the  carbon  atom  by  affinities  of  different  strengths.* 

If  it  is  assumed  that  all  the  four  affinities  of  carbon  are 
dissimilar,  then  it  is  clear  that  two  atoms  could  unite  in 
4  +  3  +  2  +  1=  10  different  ways ;  3  +  2  +  1  =  6  com- 
pounds if  there  are  three  kinds  of  affinities,  and  2  +  1  =  3 
compounds  for  two  sorts  of  affinities,  and  only  one  compound 
when  all  the  affinities  are  alike.  According  to  this  hypothesis 
therefore  more  than  two  methods  of  combination  are  possible. 
But  assuming  only  two  kinds  of  combination  be  possible,  a 
much  larger  number  of  isomerides  can  exist  than  as  stated,  in 
§§  115-117.  For  example,  there  would  be  a  whole  series  of 
isomeric  propanes,  CgHg,  such  as  ; 


If  these  predictions  of  Kolbe's  are  confirmed  by  experiment, 
as  others  of  his  have  been,  an  enormous  number  of  isomeric 
compounds  may  exist.  Their  number  would  even  be  larger 
than  the  author  of  these  speculations  expected.  Kolbe  does 
not  even  state  whether  the  mode  of  combination  termed  '  co- 
ordination '  is  possible  in  the  radicals  as  well  as  in  the  hydro- 
carbons.   Should  this  be  so  several  new  isomeric  alcohols  and 

'  See  the  introduction  to  the  section  '  Aromatische  Verbindungen,'  p.  370 
in  the  book  mentioned  in  the  preceding  note. 


Propyl  hydride.' 


Methyl  ethyl.^ 


Methylene  dimethane.' 


2  Kurzes  Lehrb.  p.  193. 


3  Journ.  f.  prah.  Cliemie,  1880,-.  xxii.  157 
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acids  might  exist,  for  instance,  different  normal  primary  alco- 
:  hols  (normal  butyl  carbinol),  i.e.  compounds  of  the  composition 
;  I  CgH,iOH,  with  straight  non-bifurcated  chains.  But  when  the 
I  carbon  atoms  are  supposed  to  be  of  the  same  value,  only  one 
I    such  compound  is  possible,  CH3 — CHg — CHg — CHg — CHg — 

I  OH,  and  even  according  to  Kolbe  >  only  one  can  exist,  having 

■i  the  formula 


In  our  present  state  of  knowledge  the  question  of  the 
i  similarity  or  dissimilarity  of  the  different  affinities  of  a  poly- 
'  valent  atom  is  without  doubt  an  open  question.  It  is  therefore 
!  permissible  to  assume  that  they  are  dissimilar. 

Some  facts  which  will  be  discussed  in  Section  IX.,  §  168, 
I  can  be  most  easily  explained  by  the  assumption  of  such  a 
c  dissimilarity,  although  they  are  capable  of  another  expla- 
I  nation.  Until  the  thousands  of  organic  compounds  exhibit 
I  more  cases  of  isomerism  than  are  predicted  by  the  simple 
\  hypothesis  which  forms  the  basis  of  the  chain  formulae,  it  is 
1  permissible,  if  not  obligatory,  to  adhere  to  this  hypothesis  until 
t  the  results  of  observation  render  it  necessary  to  turn  to  the 

I\  less  simple  assumption  of  the  dissimilar  affinities  of  polyvalent 
i  atoms.  That  this  extension  of  the  theory  would  he  accom- 
I  plished  without  difficulty,  is  seen  from  the  similarity  of  the 
f  formulae  used  above  to  illustrate  both  systems. 
§  118.  When  the  number  of  monovalent  atoms  in  the 
1  compound  does  not  reach  its  maximum,  and  n  <  2??^  +  2,  the 
?  number  of  possible  isomerides  is  still  greater,  independently 
.  of  whether  it  is  due  to  free  affinities  or  to  double  linking  of 
t'  the  carbon  atoms. 

In  the  case  of  unsaturated  affinities  the  number  of  isomeric 
^  compounds  possible  is  as  large  as  it  would  be  if  the  same 
r  number  of  affinities  were  saturated  by  a  particular  mono- 
i  valent  atom.  For  example,  the  number  of  possible  compounds 
I  GnU^n  with  two  fi-ee  affinities  is  the  same  as  the  number 


(  of  compounds  of  the  composition  CJ-l2„Cl,,  or,  to  make 


2 


'  Kurzes  Leh/rbtich,  p.  242. 


224 


MODEEN  THEOKIES  OF  CHEMISTRY 


of  a  general  expression,  the  number  of  possible  compounds 
of  the  formula  C„H,„^3_^  is  equal  to  the  number  of  com- 
pounds C„Hj„  +  2_^.  Cl^,  which  are  theoretically  capable  of 
existence. 

In  cases  of  the  double  linking  of  the  carbon  atoms  the 
number  is  somewhat  smaller,  since  the  affinities  which  are 
mutually  linked  together  cannot  both  belong  to  the  same  atom. 
According  to  the  views  of  many  chemists  one  atom  cannot 
possess  two  unsaturated  affinities  simultaneously.  But  this 
is  obviously  true  in  the  case  of  the  carbon  atom  in  carbon 
monoxide,  and  also  of  the  atoms  in  the  vapours  of  mercury 
and  cadmium.  The  existence  of  exceptions  to  this  rule  can 
be  proved  with  certainty,  but  it  is  difficult  to  establish  the 
validity  of  the  rule  itself.  Assuming  the  existence  of  free 
affinities,  two  compounds  of  the  composition  CgH^  are  possible, 
^H^C-CH/  and    H3C— CH** 

but  with  double  linking  only  one  can  exist,  HgC  =  CHg. 

Only  one  compound  C2H4  is  known,  viz.  ethylene.  As  all 
attempts  to  prepare  the  isomeride  ethylidene  have  failed,  this 
appears  to  indicate  that  the  carbon  atoms  in  ethylene  are 
united  by  double  linking,  and  do  not  possess  free  affinities. 

§  119.  The  compounds  of  carbon  with  divalent  atoms  are 
not  nearly  so  numerous  as  those  with  monovalent.  The 
carbonates  and  oxalates  of  the  divalent  metals  belong  to  this 
class,  but  their  molecular  weight  cannot  be  directly  determined. 
The  molecular  weight  of  the  following  easily  volatUe  compounds 
is  known : 

CO,   carbon  monoxide.  COg,  carbonic  anhydride. 

COS,  carbonyl  sulphide.  CS2,  carbon  bisulphide. 

In  carbon  monoxide  two  of  the  affinities  of  the  tetravalent 
carbon  are  unsaturated.  In  the  three  other  compounds  the 
affinities  of  the  two  divalent  atoms  just  suffice  to  saturate 
those  of  the  tetravalent  atom. 

It  may  be  remarked  that,  although  compounds  of  carbon 
with  a  large  number  of  divalent  atoms  are  theoretically  pos- 
sible (since  the  latter  may  unite  with  each  other,  forming  a 
very  long  chain),  no  compounds  of  this  description  have  been 
prepared. 
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A  very  large  number  of  carbon  compounds  contain  both 
mono-  and  di-valent  atoms.  The  divalent  atoms  may  be 
arranged  in  different  ways  ;  e.g. 

1.  The  divalent  atom  oxygen,  for  example,  saturates  two 
affinities  of  one  and  the  same  atom  :  0  =  C  = 

2.  It  is  attached  by  its  affinities  to  two  carbon  atoms 
which  are  directly  or  indirectly  linked  together, 

II  If 

— C— C—       or       _C— C— 


0  — C-0 

In  both  cases  the  number  of  monovalent  atoms  which 
might  have  been  contained  in  the  compound  is  diminished  by 
two  for  each  divalent  atom.    In  this  case 

71,  <  2n^  -       +  2. 

3.  The  divalent  atom  unites  two  other  atoms  together, 
which  are  otherwise  neither  directly  nor  indirectly  combmed  ; 
e.g. 

— C-O-H        _C_0-0-  -C_0-C— 

I  ■  I  I  I 

In  this  case  the  number  of  affinities  available  for  union 
with  monovalent  atoms  is  not  diminished  by  the  introduction 
of  divalent  atoms  ;  therefore 

<  2/?,,  +  2  ; 

i.e.  the  number  of  monovalent  atoms  is  independent  of  the 
divalent  atoms. 

§  120.  The  different  cases  presented  when  trivalent  atoms 
occur  m  the  compound  will  be  easily  understood  from  the 
following  general  formulte : 

1-  N  =  C  -  =       -  Bn,  +  2. 

2.  -N  =  C  = 


3.  =  C  -  C  = 


-  '//-,  =  2n^^  —        +  2. 

N- 

4.  =  N  -  C  =  n,  =  2«,  +    n,  +  2. 


Q 
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It  is  immaterial  whether  the  free  affinities  of  the  tri-  and 
tetra-valent  atoms  are  satisfied  by  mono-  or  di-valent  atoms ;  in 
the  latter  case  the  rules  laid  down  in  the  preceding  §  generally 
hold  good.  When  tetravalent  atoms  of  other  elements  com- 
bine with  carbon  the  same  forms  of  combination  are  produced 
as  when  the  carbon  atoms  themselves  combine. 

It  more  frequently  happens  with  such  tri-  and  tetra-valent 
atoms  than  with  carbon,  that  one  atom  is  united  to  carbon  by 
each  of  its  affinities,  forming  in  this  way  a  nucleus  or  central 
point  to  which  three  or  four  chains  are  united : 

I 

-C- 

II  ill 
_.C— N— _C_Sn-C— 

III  III 

-C-  -c- 

i  I 

In  addition  to  the  above  cases  numerous  compounds  are 
known  in  which  the  affinities  of  the  atom  united  to  the  carbon 
are  partly  saturated  by  monovalent  or  divalent  atoms.  In  the 
latter  case  the  compounds  formed  are  generally  non-volatile, 
and  consequently  the  molecular  weights  are  as  a  rule  not  known. 

§  121.  Only  a  few  compounds  exist  which  undoubtedly 
contain  pentavalent  elements,  whose  molecular  weights  are 
known.  Only  one  single  hexavalent  compound  is  known,  viz., 
the  compound  mentioned  in  §  90,  under  V.  and  VI.  Multiple 
linkings  amongst  these  elements  are  unknown.  On  account 
of  their  rarity  these  types  are  of  less  importance  than  the  first 
four  types,  which  will  be  discussed  in  detail  in  the  following 
pages. 

§  122.  The  theoretical  investigation  of  the  possible  forms 
of  combination  which  has  been  described  in  its  chief  features 
in  the  preceding  paragraphs,  is  only  capable  of  deciding  the 
arrangement  of  the  atom*  .in  a  given  compound,  in  one  case, 
viz.  when  the  atoms  which  analysis  has  shown  to  exist  in  the 
molecule  of  the  compound  can  only  be  arranged  in  one  form- 
For  example,  the  arrangement  of  the  atoms  in,  or,  to  use  the 
usual  expression,  the  constitution  or  structm-e  of  such  com-, 
pounds  as,  CH„  GIL  CI,  G.Il,,  C,H,C1,  G,B.„  &c.,  is  perfectly 
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clear,  if  the  hypotheses  are  recognised  which  form  the  basis 
of  the  theory  of  atomic  Hnking. 

The  formulae  of  these  compounds  only  admit  of  one  inter- 
pretation. On  the  other  hand,  the  theoretical  consideration 
of  the  combinations  possible  has  shown  the  inadmissibility 
of  many  of  the  constitutional  formulee,  proposed  in  former 
times  for  different  substances,  which  at  the  time  were  regarded 
as  correct.  This  is  true  of  almost  all  the  hypotheses  in  the 
so-called  '  etherine  theory  ' '  first  propounded  by  Gay-Lussac 
and  afterwards  developed  and  supported  by  Dumas.  Accord- 
ing to  this  theory  a  whole  series  of  compounds  of  carbon 
contains  the  group  C^Hg  (termed  '  etherine '  by  Berzelius  2)  in 
combuaation  with  other  atomic  groups.  This  gi'oup  of  atoms 
which  is  now  halved  and  called  ethylene  does  indeed  contain 
two  free  affinities  according  to  our  present  views  : 

=  4,  and  -ti^  =  8,  therefore  ?i,  <  2«,  +  2  =  10. 

But  most  of  the  atomic  groups  with  which  etherine  was 
supposed  to  combine  would  require  the  whole  of  the  affinities 
of  the  atoms  contained  in  them,  to  preserve  the  coherence  of 
their  molecules.  They  have  consequently  no  affinities  left  by 
which  they  can  unite  with  ethylene.  This  is  easily  seen  from 
the  followmg  examples.  According  to  the  etherine  theory 
Ethyl  chloride  is  C,S, ,  Hei  or  C^H, ,  HCIHCI 
Ether  C,H,,HO  „    C,H„  H,0 

.     .  .  • ,      ^^^^ '  "    C^H, ,  H,0,  H,0 

Ethyl  sulphide     C,S„  SS  „     C.H  ,  H  S 

Mercaptan  C,.H,,  HS,  HS     „     C,H„  H,S,  H,S 

H— CI,  H-0— H,  H— S— H  are  closed  groups,  and  do  not 
possess  any  free  affinities  enabling  them  to  combine  either 
with  each  other  or  with  etherine. 

The  'ethyl  theory'  of  Berzelius  and  Liebig-^  is  more  in 
accordance  with  our  present  views.  In  accordance  with  this 
theory  also,  though  to  a  smaller  extent,  compounds  were 

'  The  history  of  this  theory  is  described  by  Ladenbijr<T  lA,,./.-  -  .,, 
Entwickchcnrjsgeschichte  clcr  Ckcmic,  p.  12'J.      ■^^"''^''"'6,  VoHutge  Ubcr  die 
-  Berzelius,  Jahresber.  No.  xii.  303  ;  No.  xiii.  192  197 
'  Ladcnburg,  loc.  cit.  p.  138 ;  Berzelius,  Jahresber.  No."  xiii.  196. 

Q  2 
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represented  as  formed  by  the  union  of  atomic  groups  not 
possessing  free  affinities. 
According  to  this  theory 

Ethyl  chloride  is  C,H, ,  ei  or  C.R^^,  G\, 

Ether  C,H,,  0  „  C.R,,,  0 

Alcohol  C^Hg.O,  SO  „  C4H„,0,  H^O 

Ethyl  sulphide     C,U,,  S  „  CJ1^,,S 

Mercaptan  C^S,,  S,  HS  „  GJI,„  S,  H^S 

The  formulae  for  ether  and  ethyl  sulphide  are  almost  iden- 
tical with  those  at  present  in  use ;  in  the  other  formulae  the 
groups  which  have  no  free  affinities,  such  as  H — 0 — H  and 
H — S — H,  do  not  occur  twice,  as  is  the  case  in  the  etherine 
theory.  The  occurrence  of  such  groups  forms  one  of  the 
chief  distinctions  between  the  old  theories  and  the  present 
theory  of  atomic  linking.  It  was  formerly  believed  that  any 
given  group  of  atoms  under  suitable  conditions  possessed  the 
power  of  combining  with  new  atoms  without  losing  any  of 
the  atoms  previously  contained  in  it.  This  power  is,  at  the 
present  time,  only  ascribed  to  those  groups  of  atoms  which 
conform  to  the  equation  (§  106), 

n^  <      +       +  2. 

"Wliilst,  those  satisfying  the  conditions  of  the  equation, 

??,  =  Wg  +  2^4  +  2 

are  considered  as  lacking  this  ability.  But  the  latter  equation 
is  valid  in  the  case  of  almost  all  the  atomic  groups  of  the  old 
ethyl  theory,  thus  : 

C^H,^      n,  =  10  =  2/?,,  +  2         H,0    w,  =  2 

6411,(38  JJ       JJ        CI2  J, 

These  atomic  groups  have  not  the  properties  of  radicals ; 
they  do  not  possess  any  available  affinities,  at  any  rate,  not 
such  as  would  bring  about  and  maintain  the  union  of  the 
atoms  in  the  molecules  of  gaseous  bodies.  Whether  such 
atomic  groups  can  be  accepted  as  constituents  of  Uquid  or 
solid  substances  will  be  discussed  in  another  chapter.  To 
regard  these  groups  as  constituents  of  compounds  which 
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volatilise  without  decomposition  is  to  completely  ignore  the 
information  as  to  the  mode  of  action  of  chemical  affinity, 
which  has  been  recently  acquired.  It  is  therefore  not  per- 
missible to  regard  the  so-called  hydrate  of  a  volatile  acid  as  a 
compound  of  water  and  the  anhydrous  acid,  alcohol  as  a  com- 
pound of  ether  and  water,  an  ethereal  salt  as  a  compound  of 
an  anhydrous  acid  and  ether ;  e.g. 

Acetic  acid  .  S  0,  C,U,0^  or  H„0,  CJI.O, 
Alcohol  ..HO,  C.HjO  „  H^O,  C,H,oO 
Acetic  ether    C.HgO,  C,U,0^      „   CJi.^O,  CJI.O, 

These  and  similar  constitutional  formulae  are  called  '  dual- 
istic,'  as  they  assume  the  existence  of  two  (or  more)  closed 
groups  of  atoms  in  most  compounds.  They  are  now  regarded 
as  untenable,  and  have  been  replaced  by  the  so-called  unitary 
formulae.  At  first  sight  there  appears  to  be  a  wide  difference 
between  these  formulae,  but  in  reality  the  difference  is  not 
very  great,  since  the  new  formulae  retain  everything  in  the  old 
adapted  to  ex^jress  the  properties  of  the  substances.  Formerly 
those  compounds  which  easily  form  water  were  supposed  to 
contain  water,  HgO,  ready  formed,  but  accordmg  to  the  present 
view  they  only  contain  the  atomic  group  H— 0 —  x  hydroxyl, 
which  easily  takes  up  an  atom  of  hydrogen  and  forms  water  ; 
e.g. 

Dualistic  Unitary 

Alcohol    .    .  C4H10,  0,  H2O  CH3— CH2— 0— H 

Ether      .    .  C^H^.O  CH3— CH^-O— CH  — CH3 

Acetic  acid  .  C^H^,  O3,  H^O  CH3— CO  — 0— H 

Ethyl  acetate  GJ1„0„CJ1,„0  CH3— CO  —0— CH  — CH3 

The  old  idea  that  the  so-called  acid  hydrates  are  compounds 
of  anhydrous  acids  and  water,  and  that  salts  are  compounds  of 
metallic  oxides  and  acids,  is  not  in  unison  with  modern  theories. 
Davy's  latest  theory  of  the  hydrogen  acids  resembles  the  present 
one.  Davy  regarded  an  acid  as  composed  of  two  parts,  viz. 
the  hydrogen  which  is  replaceable  by  metals,  and  opposed  to 
this  as  a  whole  the  remaining  atoms  contained  in  the  com- 
pound. According  to  our  present  view  an  acid  is  regarded 
simply  as  a  group  of  atoms  Hnked  together.    The  modern 
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doctrine,  whilst  retaining  the  essentials  of  Davy's  theory,  has 
added  greatly  to  it. 

Gerhardt's  system  of  types  which  followed  the  so-called 
electro-chemical  system,  founded  on  the  dualistic  hypothesis, 
contained  a  few  radicals  possessing  no  affinities  available  for 
combination  with  other  atoms.  After  the  discovery  of  the  law 
of  atomic  linking  these  radicals  were  discarded.  That  the 
theory  of  types  was  not  in  a  position  to  overthrow  dualism 
is  easily  understood,  since  the  theory  itself  was  not  quite  free 
from  some  of  the  most  vital  errors  of  dualism ;  nor  was  it 
able  to  overcome  the  dualistic  system  until  it  had  gained 
uniformity  by  the  hj^pothesis  of  atomic  linking. 

§  123.  The  critical  negation  of  dualism  and  of  other  views 
opposed  to  the  theory  of  atomic  linking  is  a  natural  result 
of  the  theoretical  speculations  on  the  possible  arrangement 
of  the  atoms  ;  it  requires  no  further  experimental  support.  It 
possesses  the  same  empirical  foundation  as  the  hypothesis  of 
atomic  linking,  which  is  based  on  some  thousands  of  observa- 
tions. 

The  theoretical  development  of  the  deductions  from  this 
hypothesis  also  suffices  for  the  determination  of  atomic  linking 
in  those  compounds  of  known  composition  and  known  molecular 
weight,  in  which  the  atoms  can  according  to  theory  be  arranged 
in  only  one  form. 

But  where  several  isomeric  compounds  can  exist  for  a  given 
molecular  composition,  the  theoretical  speculation  is  merely 
preliminary.  The  decision  can  only  be  arrived  at  experiment- 
ally, as  has  been  already  stated  in  §  111. 

We  will  now  describe  the  most  important  methods  used 
for  ascertaining  the  atomic  linking.  These  methods  are  based 
on  the  knowledge  of  the  formation  and  decomposition  of  the 
chemical  compounds,  and  also  on  the  knowledge  of  other 
chemical  and  physical  properties. 

The  first  step  in  the  inquiry  as  to  which  of  several  possible 
isomerides  is  under  investigation,  consists  in  splitting  up  the 
chain  of  atoms  of  which  it  is  composed  into  several  pieces,  in 
order  to  build  it  up  again  from  the  same  fragments.  It  is 
assumed,  first,  that  atoms  which  are  liberated  in  the  form  of  a 
connected  chain,  on  the  decomposition  of  a  compound,  existed 
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in  dii-ect  union  vfith  each  other  in  this  compound;  and, 
secondly,  that,  as  a  rule,  when  a  connected  chain  of  atoms 
passes  from  one  compound  to  another,  no  alteration  takes 
place  in  the  order  of  the  atoms.  Further,  when  an  atom  or 
chain  of  atoms  is  expelled  from  a  compound,  and  another  atom 
or  atomic  chain  with  the  same  number  of  available  affinities 
at  the  same  time  enters  the  compound,  it  is  assumed  that,  as 
a  rule,  the  combining  portion  takes  the  place  of  the  expelled 
atoms,  and  does  not  replace  other  portions  of  the  original 
compound.  These  assumptions  do  not  always  prove  correct  ; 
in  many  cases  they  are  clearly  fallacious.  But  there  are 
means  of  testing  their  accuracy  by  investigating  the  relation 
between  the  properties  of  the  compound  and  its  internal 
structure.  This  second  method  of  investigation  is  equally  as 
effective  as  the  first.  It  is  beyond  doubt  a  correct  principle 
that  the  same  or  similar  properties  are  associated  with  similar 
or  identical  structure ;  or,  in  other  words,  like  effects  are 
produced  by  like  causes.  During  the  course  of  the  present 
century,  and  more  especially  during  the  last  forty  years,  the 
endeavour  to  investigate  the  mutual  relations  between  com- 
position and  properties  of  bodies  has  opened  out  new  fields  of 
research,  before  midreamt  of,  which  now  form  a  wide  neutral 
territory  between  the  sister  sciences  of  chemistry  and  physics. 
Nevertheless,  the  first  stage  in  this  extensive  and  laborious 
but  fruitful  field  of  investigation  has  scarcely  been  reached. 

The  methods  which  are  in  use  in  the  investigation  of  atomic 
linking  have  been  applied  almost  exclusively  to  the  carbon 
compounds,  and  have  been  developed  with  special  reference 
to  these  bodies.  The  large  number  of  these  compounds,  the 
frequent  occurrence  of  isomerides,  necessarily  fostered  the 
development  of  these  methods,  without  which  a  systematic 
survey  of  the  well-known  carbon  compounds  would  scarcely 
appear  possible.  Any  attempt  to  give  an  approximately  com- 
plete account  of  the  present  use  of  these  methods  would,  in 
spite  of  their  incomplete  development,  far  exceed  the  limits  of 
this  work.  We  shall  therefore  confine  ourselves  to  illustrating 
the  nature  of  these  methods  by  a  few  examples. 

§  124.  The  application  of  the  first  method,  viz.  the  splitting 
up  and  building  together  again  of  the  atomic  chains,  consists 
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in  attempting  to  decompose  the  compound  of  unknown  con- 
stitution into  substances  of  known  constitution,  and  then 
building  together  the  original  compound  from  these  fragments. 

But  in  order  to  gain  a  complete  idea  of  the  whole  chain  of 
atoms,  and  to  thoroughly  understand  their  arrangement,  a  large 
number  of  different  decompositions  and  formations  of  the 
substance  must  be  known.  The  chain  must  be  separated  at 
different  points,  and  built  together  again  from  the  different 
fragments  into  which  it  was  decomposed.  A  very  extensive 
experimental  investigation  is  generally  necessary  before  the 
constitution  can  be  ascertained  with  certainty.  The  atomic 
constitution  can  only  be  definitely  settled  when  the  investiga- 
tion has  been  thus  completely  carried  out. 

Special  weight  is  attached  to  rebuilding  the  chain  from  its 
isolated  members.  The  rebuilding  of  the  compound  is  termed 
a  '  synthesis  in  the  strictest  sense,'  when  the  two  chains  are 
united  together  by  two  carbon  atoms. 

Alcohol  may  be  taken  as  an  illustration  of  this  method. 
Analysis  and  vapour  density  determinations  show  that  its 
molecular  formula  is  CaHgO.  Two  different  modes  of  com- 
bining these  atoms  are  possible,  e.g.  CH3 — CHg — OH  and 
CH, — 0 — CH3.  In  fact,  two  isomeric  compounds,  alcohol  and 
methyl  ether,  exist  having  this  composition.  The  choice  in  this 
case  is  not  dif&cult.  The  first  comj)ound  contains  one  atom  of 
H  in  a  different  position  from  the  others.  It  is  combined 
with  oxygen  to  form  hydroxyl,  H — 0 — .  The  first  formula  is 
assigned  to  alcohol,  because  one  of  its  hydrogen  atoms  exhibits 
different  properties  from  the  others  ;  it  is  easily  replaced  by 
metals,  like  sodium,  which  have  a  great  tendency  to  unite 
with  oxygen,  thus ; 

2{C^'H.„0R)  +  Na^  =  2(C2H,ONa)  -f-  H^. 

Alcohol.  Sodium  alcoliolate. 

In  many  reactions  this  atom  of  hydrogen  is  expelled, 
together  with  the  oxygen  atom ;  e.g. 

C^HeO     +     HCl    =     C2H5CI     +  HOH. 

Alcohol.         Hydrochloric  Ethyl  Water, 

acid.  chloride. 

The  formula  for  ethyl  chloride,  the  compound  formed  in 
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the  last  reaction,  only  admits  of  one  interpretation.  Accord- 
ing to  theory,  it  has  the  composition  H3C — CH2 — CI,  and  is, 
as  Schorlemmer  '  has  shown,  not  isomeric,  but  identical  with 
the  product  obtained  by  the  substitution  of  CI  for  H  in  the 
hydrocarbon  CjHg. 

Since  ethyl  chloride  is  formed  from  alcohol  by  replacing 
OH  by  CI,  it  is  assumed  that  the  hydroxyl  occupied  the  position 
which  the  chlorine  atom  has  taken,  and  therefore  the  arrange- 
ment of  the  atoms  in  alcohol  may  be  represented  by  the 
formula  H3C— CH^— 0— H. 

The  action  of  hydrochloric  acid  on  alcohol  will  then  take 
place  thus : 

H3C-CH2— 0— H  +  H— CI  =  H3C— CH2— CI  +  H— 0— H. 

If  this  arrangement  of  the  atoms  is  accepted  for  alcohol, 
then  the  second  formula  is  the  only  remaining  possible  formula 
for  its  isomeride  methyl  ether.  The  carbon  atoms  are  not 
du-ectly  linked  together,  but  are  indirectly  united  by  means  of 
the  oxygen  atom.  Its  properties  show  that  its  atoms  are  reaUy 
arranged  in  this  order.  The  chain  of  atoms  is  difficult  to  split 
up,  but  it  is  easily  built  up  from  its  members.  Methyl  ether  is 
formed  from  methyl  alcohol  by  several  different  reactions ;  the 
latter  has  no  isomerides,  its  formula  only  admitting  of  one 
interpretation.  Potassium  methylate,  CHg — 0 — K,  is  formed 
by  the  action  of  potassium  on  methyl  alcohol,  CH3 — 0 — H. 
Methyl  iodide  is  prepared  by  the  action  of  hydriodic  acid, 
HI,  on  methyl  alcohol. 

CH3— 0— H     -f-     HI     =     CH3I     +     H--0— H. 

Methyl  alcohol.  Hydriodic  Methyl  Water. 

acid.  iodide. 

Methyl  iodide  acts  on  potassium  methylate,  according  to 
the  equation, 

CH3-O-K   +   CH3I   =   CH3-O— CH3   +  KI. 

Potassium  Methyl  Methyl  ether.  Potassium 

methylate.  iodide.  iodide. 

Methyl  ether  is  therefore  composed  of  two  methyl  groups, 
CH3,  which  are  united  together  by  the  atom  of  oxygen  of 

'  C.  Schorlemmer,-  Ann.  Chem.  Pharm.  18G4,  cxxxi.  76 ;  cxxxii.  234. 
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the  hydroxyl  of  the  methyl  alcohol.  These  and  similar  double 
decompositions  confirm  the  correctness  of  the  assumptions 
concerning  the  constitution  of  methyl  ether,  and  also  indirectly 
confirm  the  accuracy  of  the  formula  for  alcohol. 

§  125.  To  ascertain  the  constitution  of  acetic  acid  having 
the  composition  CgH^Og  is  a  somewhat  more  complicated  pro- 
blem. This  compound  either  contains  two  free  affinities  or 
double  linking  of  the  atoms,  smce  =  4  and  0,71^  +  2  =  6. 
The  existence  of  some  thirty  isomerides  is  by  this  circum- 
stance rendered  theoretically  possible.  But  as  one  atom  never 
enters  into  the  molecule  of  acetic  acid  without  another  being 
expelled,  it  is  probable  that  free  affinities  do  not  exist,  and 
therefore  the  possibility  of  double  linking  remains.  Even  under 
these  circumstances  ten  isomeric  compounds  of  this  composition 
may  exist,  although  only  two  isomerides  are  known,  viz.  acetic 
acid  and  methyl  formate.  The  properties  and  the  character 
of  acetic  acid  must  be  carefully  studied  and  examined  in  order 
to  ascertain  which  of  the  ten  possible  constitutional  formulae 
corresponds  to  the  structure  of  this  substance.  And  the 
manner  in  which  the  atomic  chain  can  be  split  up  and  how 
buUt  together  again  must  also  be  ascertained. 

Acetic  acid,  CgH^Og,  is  formed  from  alcohol,  CHg — CHg — 0 
— H,  by  the  replacement  of  0  for  Hg.  Which  are  the  two 
hydrogen  atoms  replaced  by  the  atom  of  oxygen  ?  The  H 
contained  in  the  hydroxyl  is  not  one  of  the  replaced  atoms,  for 
one  of  ihe  hydrogen  atoms  m  acetic  acid  differs  essentially  from 
the  others  in  its  properties.  It  is  very  easily  replaced  by  metals 
and  almost  as  easily  by  hydrocarbon  radicals.  These  and 
similar  observations  show  beyond  doubt  that  in  acetic  acid  one 
atom  of  hydrogen  is  united  to  oxygen  and  the  three  others 
to  carbon.  Hence  it  follows  that  one  atom  of  oxygen  is  con- 
tained in  the  group  hydroxyl,  — 0 — H,  as  in  the  case  of 
alcohol.  In  fact,  one  atom  of  oxygen  and  that  atom  of  hy- 
drogen which  possesses  properties  differing  from  the  rest  can 
be  easily  displaced  in  the  molecules  of  alcohol  and  of  acetic 
acid ;  e.g. 

Alcohol  C^H^O  +  PCI,  =  C^H.Cl  +  POCI3  +  HCl. 
Acetic  acid  C^nfi^  +  PCI,  =  C^HyOCl  +  POCI3  +  HCl. 
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These  and  similar  analogies  induced  Gerhardt  to  use  the 
analogous  formulte  for  these  two  substances 

Alcohol.  Acetic  acid. 

in  which  the  radicals,  ethyl  CgHg  and  acetyl  CgHgO,  correspond 
with  each  other.  Only  one  arrangement  of  the  atoms  is  possible 
in  the  case  of  ethyl.  In  acetic  acid  '  methyl '  has  long  been 
regarded  as  a  constituent  or  '  copula,'  united  with  oxalic  acid 
according  to  Berzelius,'  with  carbon  according  to  Kolbe,^  and 
with  carbon  monoxide  according  to  Gerhardt.^  The  atomic 
linking  of  acetyl  has  been  successfully  established  by  Kekule,* 
who  has  done  much  good  service  to  the  science  in  this  class  of 
investigation.  The  chief  features  of  the  ideas  which  guided 
him  in  his  research  are  briefly  described  in  the  following. 

The  chain  of  atoms  is  broken  by  the  dry  distillation  of  an 
acetate  with  an  alkaline  hydrate ;  one  atom  of  carbon  escapes 
in  combination  with  hydrogen  as  marsh  gas,  and  the  second 
carbon  atom  remains  united  to  all  the  oxygen  and  metal  in 
the  compound,  and  also  combines  with  the  oxygen  and  metal 
of  the  alkali.  It  is  therefore  probable  that  one  carbon  atom 
is  closely  united  with  the  metal  and  oxygen,  and  the  other 
carbon  atom  is  attached  to  the  hydrogen  of  the  acetate. 
Hence  acetic  acid  has  the  formula  H3G — CO — 0 — H,  which  is 
completely  confirmed  by  the  whole  character  of  the  substance  ; 
e.g.  by  the  following  decompositions  : 


H3C-CO— 0— Na 

1  '  =  H,C  4-  NaO— CO— ONa. 

H— 0— Na 
I  ' 

I 

Acetate  and  hydrate,       =     Marsh  gas  and  carbonate. 

'  Lehrbuch,  5.  deutsche  Auflage,  p.  709  ;  Jahresbericht,  1844,  pp.  95,  431. 
*  Handwi/rterhicch  der  rem.  tmd  angew.  Chemie,  vi.  807  ;  Aim.  Chem.  Pharm. 
1860,  cxiii.  297. 

'  TraiU  de  Chim.  Org.  iv.  G72.  '  LeJirb.  org.  Chemie,  i.  521. 
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H3C— CO— 0— Na 


H3C— CO— H  +  NaO-  CO— ONa. 


H— CO— 0— Na 


Acetate  and  formate. 


Aldehyde  and  carbonate. 


H3C-CO— 0— Nax 


-  -  H3C— CO— CH3  +  NaO— CO-ONa. 


H3C-CO— 0— Na 


Acetate  and  acetate. 


Acetone. 


Carbonate. 


Not  only  the  chemical,  but  also  the  physical  properties  of 
acetic  acid  and  its  salts  testify  so  strongly  in  favour  of  this 
arrangement  of  the  atoms,  that  no  other  hypothesis  appears 
trustworthy. 

Similar  arguments  show  that  methyl  formate,  which  is 
isomeric  with  acetic  acid,  has  the  constitution  expressed  by 
the  formula  H3C— 0— CO— H. 

In  addition  to  these  two  compounds  only  a  third  isomeride, 
containing  the  group  CO,  is  possible,  viz.  the  aldehyde  of  , 
glycolic  acid,  H — 0 — CHg— CO — H,  which  is  not  yet  known, 
but  will  in  all  probability  be  discovered  in  the  future. 

Four  rmg-shaped  arrangements  of  the  atoms  may  also  be 
imagined,  and  also  three  combinations  in  which  the  double 
linldng  of  two  carbon  atoms  =0  =  0=  occurs. 

But  whether  all  these  imaginable  combinations  really 
correspond  to  possible  positions  of  equilibrium  of  the  atoms 
has  not  been  decided. 

§  126.  The  somewhat  difficult  problem  of  ascertaming  the 
arrangement  of  the  atoms  in  a  body  of  comparatively  simple 
constitution,  such  as  acetic  acid,  becomes  much  more  compli- 
cated with  an  increased  number  of  carbon  atoms.  In  many 
cases,  however,  the  investigation  is  much  simplified  by  the 
chain  of  atoms  splitting  up  into  certain  large  groups  of  atoms 
the  constitution  of  which  is  known  or  can  be  ascertained  with 
a  great  degree  of  probability,  or  further  by  the  possibility  of 
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building  up  these  compounds  from  such  groups.  Most  striking 
examples  of  this  description  are  to  be  found  amongst  the  group 
of  so-called  aromatic  compounds,  all  of  which  contain  at  least 
six,  and  frequently  a  larger  number,  of  carbon  atoms  in  the 
molecule :  despite  this  it  has  in  recent  years  been  possible  to 
investigate  and  study  even  the  minutest  details  of  their  con- 
stitution. The  rich  and  manifold  results  accruing  from  these 
investigations  testify  sufficiently  to  the  utility  of  the  theory  of 
atomic  linking  and  to  its  fertility  in  promoting  the  advance- 
ment of  the  science.  The  classic  researches  of  Liebig  and 
Wohler  on  benzoyl  compounds,'  and  of  Mitscherlich  on  ben- 
zene,^ at  one  time  regarded  as  complete,  have  by  its  aid 
undergone  great  and  remarkable  extensions. 

The  theory  by  which  it  is  sought  to  explain  the  arrangement 
of  the  atoms  in  the  aromatic  compounds  is  based  on  a  fact 
first  observed  by  Mitscherlich  in  the  case  of  benzoic  acid,  viz. 
that  all  these  compounds  yield,  on  decomposition,  a  group  of 
six  carbon  atoms  (generally  combined  with  not  more  than 
six  hydrogen  atoms),  which  are  more  firmly  united  with  each 
other  than  with  the  other  carbon  atoms  contained  in  the 
compounds,  smce  these  six  atoms  cannot  be  separated  from 
each  other  by  influences  which  induce  the  separation  of  the 
other  carbon  atoms  from  them. 

Thus  calcium  carbonate  and  benzene,  CgHg,  are  not  only 
formed  by  the  distillation  of  benzoic  acid,  C7Hg02,  and  slaked 
lime,  but  the  same  products  are  obtained  from  mellitic  acid, 
only  in  somewhat  different  proportions  : 

0,11,0,     +       CaO^H^      =  CgHg  +  CaCOg  -f  H^O. 

Benzoic  acid.       Calcium  hydrate.  Benzene.     Carbonate.  Water. 

C,2HgO,2    +     eCaO^H^      =  CgHg     SCaCOg  +  GH^O. 

Mellitic  acid.       Calcium  hydrate.  Benzene.     Carbonate.  Water. 

Many  acids  and  other  compounds  of  the  group  of  aromatic 
substances  behave  in  a  similar  way.  Many  of  these  bodies 
can  be  artificially  prepared  by  joining  together  the  separate 
atomic  chains. 

On  account  of  these  and  many  similar  facts,  benzene  has 
long  been  regarded  as  a  radical  occurring  in  aromatic  com- 
pounds. 

§  127.  The  theory  of  atomic  linking  gave  rise  to  the 

'  Ann.  Pharm.  iii.  249,  1832.  2  Pogg.  Ann.  xxix.  231,  1833. 
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problem  of  satisfactorily  exi^laining  the  firm  miion  of  these  six 
carbon  atoms  and  the  other  special  properties  of  this  group. 
Kekule  '  has  solved  this  problem  by  a  happily  chosen  hypo- 
thesis, which  has  so  far  been  confirmed  by  the  behaviour  of 
these  bodies,  and  which  agrees  essentially  with  observed  facts, 
even  if  the  hypothesis  requires  a  slight  modification,  as  is  the 
opinion  of  some  chemists. 

The  extraordinary  number  of  possible  isomeric  compounds 
containing  six  carbon  atoms  and  six  monovalent  atoms  makes 
it  appear  at  first  sight  hardly  possible  to  discover  the  constitu- 
tion of  such  a  group.  But  the  careful  study  of  benzene  and 
its  derivatives  has  limited  the  number  of  really  possible  atomic 
arrangements  to  such  an  extent  as  to  restrict  the  choice  to  a 
small  number  only. 

A  large  number  of  new  compomids  are  formed  from  ben- 
zene by  substituting  chlorine,  bromine,  iodine,  and  other 
atoms,  or  chains  of  atoms,  for  hydrogen.  No  cases  of  iso- 
merism have  been  observed  in  any  of  the  substitution  products 
in  which  only  one  atom  of  hydrogen  in  the  benzene  has  been 
so  replaced,  although  isomerism  regularly  occurs  in  most  other 
hydrocarbons,  even  in  those  which  only  contain  three  carbon 
atoms  (see  §  116).  But  isomerism  is  observed  as  soon  as  a 
second  hydrogen  atom  is  replaced  by  an  atom  of  a  different 
description ;  more  than  three  isomeric  substitution  products, 
of  this  kind  have  never  been  observed,  even  when  the  two 
hydrogen  atoms  are  rej)laced  by  two  dissimilar  atoms  or 
atomic  chains.  But  when  three  hydrogen  atoms  are  replaced, 
the  number  of  isomerides  is  increased  by  the  substitution  of 
dissimilar  elements ;  but  our  present  knowledge  does  not  yet 
sufiice  to  enable  us  to  decide  with  certainty  the  maximum 
number  of  these  isomerides. 

Assuming  that  these  results  of  observation  are  perfectly 
correct,  we  are  led  to  the  following  conclusions  : 

(1)  The  six  hydrogen  atoms  contained  m  benzene,  and 

consequently  the  carbon  atoms  to  which  they  are  attached, 

are  all  united  in  the  same  way,  so  that  it  is  quite  immaterial 

which  of  the  hydrogen  atoms  is  replaced. 

'  Bull.  Soc.  Chim.  1865,  98 ;  ZeitscJir.  f.  Chemie,  1865,  176  ;  KekuM,  Lehr- 
btich  org.  Chem.  ii.  493  ;  Ann.  Chem.  Phann.  1872,  clxii.  77. 


CONSTITUTIONAL  FOEMULA  OF  BENZENE 


239 


(2)  With  reference  to  one  of  the  hydrogen  atoms,  the  five 
others  may  occupy  three  diflerent  positions ;  therefore  some 
of  these  occupy  the  same  relative  position  to  the  first  atom. 

The  only  hypothesis  capable  of  explaining  these  results 
is  that  the  sis  atoms  of  hydrogen  are  equally  distributed 
among  the  six  carbon  atoms,  and  that  the  six  pairs  of  atoms, 
CH,  form  a  contmuous  circular  chain.  But  as  each  carbon 
atom  has  three  affinities  available  for  union  with  the  others, 
the  chain  need  not  of  necessity  form  a  single  ring,  but  may 
be  a  complicated,  netlike  structure.  It  is  only  necessary 
that  all  the  carbon  atoms  should  be  linked  together  in  exactly 
the  same  fashion.  If  the  existence  of  free  affinities  is  assumed, 
then  this  condition  is  only  fulfilled  by  the  hypothesis  of  a 
simple  ring  of  six  members ;  but  in  the  case  of  double  linking 
of  the  carbon  atoms  by  the  available  affinities  only  two  of  the 
five  possible  ring-shaped  arrangements  of  the  atoms  satisfy 
this  condition.  Let  C\  C^,  C*,  &c.,  indicate  the  six  carbon 
atoms,  and  let  the  corresponding  indices  at  the  foot  of  each  C 
denote  the  carbon  atoms  with  which  it  is  directly  united,  then 
the  five  following  combinations  are  obtained : 


II. 


III. 


IV. 


^622 

C622 

C?31 

^622 

Cl31 

C623 

Cl35 

C244 

^353 

C245 

ri4 

^356 

p3 
^246 

C355 

241 

p4 

C466 

^515 

C463 

/-16 
'-'514 

C464 

^613 

v^462 

V. 


p3  rii 
'-'246  '-^351 

WG2  VJ.'i 


.C2 


■^513 


or,  represented  graphically : 

"C  C       'C^—^c^       ^C^^C'       ^c—J"  ^c- — ^c-'' 

These  formulae  are  not  intended  to  indicate  that  the  atoms 
are  arranged  in  a  ch-cle  in  space,  but  only  to  show  which  atoms 
are  in  direct  union  with  each  other.  For  instance,  the  rela- 
tive position  of  the  atoms  in  space  may  be  the  same  as  the 
angles  of  a  regular  octahedron,  the  affinities  uniting  the  atoms 
would  then  act  in  the  direction  of  nine  of  the  twelve  edges 
of  the  octahedron.  Of  the  five  possible  combinations  only  the 
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first  and  the  two  last  satisfy  the  condition  of  all  the  carbon 
atoms,  being  linked  together  in  precisely  the  same  fashion. 
Kekule  prefers  the  first  formula,  since  at  present  it  appears  to 
offer  a  better  explanation  of  the  isomerism  of  the  substitution 
products  than  the  other  formulee.  There  is  a  close  resemblance 
between  Kekule's  formula  and  the  conception  of  a  ring- 
formed  cham,  each  carbon  atom  haying  a  free  affinity.  The 
constitution  of  benzene  is  represented  by  these  two  formulae 
thus : 

Kekul6's  formula.  Free  affinities. 

I.  VI. 

H-   hC  -  H  i^^-   -f^"  -H 

The  existence  of  not  more  than  three  isomeric  products 
when  two  atoms  of  hydrogen  are  replaced  by  two  dissimilar 
atoms  is  explained  by  either  of  these  formulte,  but  the  second 
formulae  affords  the  simplest  explanation.  If  the  H  at  C  is 
replaced,  then  the  second  substitution  may  take  place  at  any 
of  the  remaining  five  carbon  atoms.    But  two  of  these,  viz. 

and  C^  are  in  direct  combination  with  GK  An  atom 
uniting  with  either  of  these  will  occupy  the  same  relative 
position  with  reference  to  the  atom  combined  with  ;  con- 
sequently these  two  substitution  products  are  identical.  The 
same  is  true  of  the  atoms  combined  with  and  whilst  the 
atom  attached  to  has  a  peculiar  position.  In  accordance 
with  observation,  three  different  substitution  products  are 
possible  in  which  the  hydrogen  atoms  are  replaced  at 

(1)  C  and     or  C« 

(2)  „       „  C-^ 

(3)  C  „ 

This  is  not  quite  true  of  Kekule's  formula  in  its  original 
form,  since  no  difference  is  made  between  the  single  and  double 
linking  of  the  carbon  atoms.  If  this  difference  is  taken  into 
account,  and  occupy  different  positions  with  regard  to 
G\  and  the  same  is  also  true  of  the  hydrogen  atoms  attached 
to  these  carbon  atoms.     Four,  or  even  five,  disubstitution 
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products  would  thus  be  possible,  which  is  in  contradiction  to 
our  present  experience.  In  order  to  avoid  this  difficulty 
Kekule '  brought  forward  a  hypothesis  which  virtually  amounts 
to  the  assumption  that  each  carbon  atom  oscillates  in  such  a 
way  that  it  is  alternately  in  union  or  contact  with  each  of 
its  neighbours. 

The  formula  with  six  free  affinities  satisfactorily  explains 
these  facts,  and  also  accounts  for  the  fact  that  benzene  readily 
unites  with  six  chlorine  or  bromine  atoms  forming  benzene 
hexachloride,  CgHgClg,  or  benzene  hexabromide,  CgHgBrg. 
But,  as  far  as  we  can  judge  at  present,  Kekule's  formula  is 
more  perfectly  m  unison  with  the  optical  properties  described 
in  §  142,  and  formulaB  IV.  and  V.  agree  better  with  the  thermic 
properties  of  the  benzene  compounds. 

Formula  V.  exhibits  a  certain  amount  of  analogy  to 

CH  A 


Kolbe's^  formula  for  benzene,  ^-g- 


Cg,  according  to  which 


benzene  is  composed  of  three  molecules  of  methane,  in  which 
the  hydrogen  atoms  are  replaced  by  three  groups  of  the  triva- 
lent  radical  methine  CH,  so  that  each  methine  replaces  an 
atom  of  hydrogen  in  each  methane,  and  is  consequently 
subordinated  to  it.  Formula  V.  is  easily  derived  from  this 
treble  marsh  gas  type,  thus ; 

n 

(CH)..—.CH  (cu) 

\   -' '  • 

*      '  / 

\  ;  ' 

And  it  is  easy  to  represent  three  of  the  six  CH  groups  which 
form  the  ring,  viz.  the  three  denoted  thus  (CH),  as  sub- 
ordinated to  the  other  three  (compare  §  117). 

The  same  formula  is  arrived  at  by  attaching  a  different 
value  to  the  even  and  uneven  carbon  atoms  in  V. 

'  Ann.  Chem.  Pharm.  1872,  clxii.  86. 

^  Introduction  to  the  section  '  Aromatigche  Verbindungen.'    See  note,  p.  221. 
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The  possible  existence  of  two  different  monosubstitution 
products— hydroxyl  compounds  or  phenols— is  a  conse- 
quence of  this  hypothesis : 

(CH)J 
C3    or  HOCFCa 

hJ  . 


(CH), 
HO  J 


Further,  three  isomeric  disubstitution  products  are  possible 
when  both  the  substituted  atoms  are  similar,  viz. : 

(1)  1,  3,  identical  with  1,  5  and  3,  5  ; 


(2)  1,  2, 

(3)  2,  4, 

or,  in  typical  formulee 


1,  4 

2,  6 


(CH)3 
H 

Clo 


(CCl) 
CI 


1,  6; 
4,  6; 


(CH)] 
(CCl), 


C, 


Four  isomeric  compomids '  are  possible  when  the  substi- 
tuted atoms  or  radicals  are  dissimilar. 

(1)  1,  3,  identical  with  1,  5  and  3,  5 


(2)  1,  2, 

(3)  2,  1, 

(4)  2,  4, 

or,  typically : 

(CH);  ^ 
H 
HO 


CI 


(CH), 
(CCl) 

H,  r 

HO 


C, 


1,4 
4,  1 
2,  6 


(CH), 
(COH) 

H, 

CI 


1,6 

6,  1 
4,6 


C, 


(CH) 
(COH) 
CCl 
H, 


-a 


Unless  we  assume  with  Kolbe  that  there  is  a  dissimilarity 
between  the  triads  of  directly  and  indirectly  combined  carbon 
atoms  only  two  isomeric  disubstitution  products  can  exist 
according  to  formula  V.,  since  the  three  atoms  C^  CS  and  C« 
are  all  in  the  same  way  directly,  and      and  mdn-ectly, 

united  to  C^  p  „      •  -j 

Since  no  case  is  known  of  the  existence  of  four  isomerides, 

'  Loc.  cit. 
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and  all  supposed  observations  of  a  fourth  isomeride  have  been 
proved  to  be  incorrect,  the  formulae  which  best  agree  with 
the  results  of  our  present  experience  are  Kekule's  formula 
I.,  or  IV.,  v.,  or  VI. 

Of  course  it  does  not  follow  that  the  hypothesis  assuming- 
three  of  the  carbon  atoms  subordinate  to  the  other  three  is 
incorrect.  But  so  long  as  the  simpler  assumption  is  capable 
of  fully  explaining  the  facts,  it  is  unnecessary  to  accept  Kolbe's 
hyi^othesis.  When  Kekule's  views  are  incapable  of  explaining 
future  observations  they  may  be  easily  extended  and  developed 
accordmg  to  the  ideas  suggested  by  Kolbe's.  Although  the 
former's  views  perhaps  require  alteration,  and  are,  as  their 
founder  points  out,'  nothing  more  than  a  tolerably  probable 
hypothesis,  they  have  nevertheless  greatly  aided  us  in  learning 
the  arrangement  of  the  atoms  in  aromatic  compounds. 

After  the  constitution  of  the  group  Of  six  carbon  atoms  had 
been  correctly  ascertained,  the  next  step  was  to  discover  the 
positions  in  which  the  other  atoms  or  atomic  chams  had  been 
substituted  for  hydrogen,  and  also  the  arrangement  of  the 
atoms  in  the  substituted  chains. 

§  128.  The  aromatic  compounds  appear  to  be  benzene,  in 
which  all  or  part  of  the  hydrogen  atoms  have  been  replaced 
by  other  atoms  or  atomic  groups  ;  e.  g.  phenol  is  hydroxy- 

benzene,  CgHg— OH,  benzoic  acid  carboxylbenzene,  C  H  

CO— OH,  anOine  amidobenzene,  CoHg— NHg,  &c.  The  arrange- 
ment of  the  atoms  m  these  compounds  can  be  determmed  as 
easily  and  by  the  same  methods  as  those  used  for  compounds 
containing  much  less  carbon ;  e.  g.  methyl  alcohol,  OH  OH, 
acetic  acid,  CH3— CO— OH,  and  methylamine,  CH3— NH  . 

_  The  structure  of  the  group  phenyl,  CgH^,  has  been  deter- 
mmed almost  as  definitely  as  that  of  the  group  methyl,  CH. , 
for  which  only  one  interpretation  is  possible.  But  there  is  an 
essential  difl'erence  between  the  two  groups  as  soon  as  further 
substitution  takes  place.  If  H  is  replaced  by  CI  m  the  methyl 
gi-oup  of  acetic  acid,  only  one  monochloracetic  acid  is  formed 
which  has  no  isomeride  (unless  the  so-called  chlorine  acetate 
is  taken  into  account),  whilst  by  the  substitution  of  a  chlorine 
atom  for  H  in  the  phenyl  group  benzoic  acid  yields  three 

'  Op.  cit.  Lehrbuch,  ii.  518. 
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isomeric  monochlorobenzoic  acids.  Theory  predicts  the  exist- 
ence of  the  following  compounds  : 

HO— CO— CH3  HO  -  CO— CH^Cl 

Acetic  acid         yields  monochloracetic  acid 

HO— CO— CgH^  HO-CO-CgH.Cl 
Benzoic  acid       yields       three  isomeric  monochloro- 

benzoic  acids, 

which  are  distinguished  from  each  other  by  the  chlorine  atom 
occupying  the  three  different  positions  described  in  §  127. 

In  fact,  three  isomeric  compounds  are  known  which  differ 
in  their  properties  and  are  distinguished  by  the  names  ortho-, 
para-,  and  meta-chlorobenzoic  acids.  By  replacing  the 
chlorine  or  carboxyl  group  by  another  atom  or  group  of  atoms 
three  isomeric  compounds  can  again  be  obtained.  Similar 
behaviour  is  exhibited  by  the  other  aromatic  compounds, 
which  may  be  regarded  as  disubstitution  products  of  benzene, 
havmg  the  formula  CeH.XY,  where  X  and  Y  represent  mono- 
valent atoms  or  radicals.  Three  isomeric  modifications  of 
such  compounds  are  possible,  and  are,  indeed,  generally  known. 

The  determination  of  the  relative  position  which  the 
different  atoms  and  radicals  occupy  in  the  molecule  of  these 
compounds  is  at  present  one  of  the  most  important  problems 
in  organic  chemistry,  and  one  which  receives  a  large  share 
of  attention  and  labour.  But  the  methods  used  in  solving 
this  problem  were  formerly  so  uncertain  and  untrustworthy 
that  it  is  by  no  means  a  rare  occurrence  for  views  which  have 
at  one  time  been  universally  accepted  as  correct  to  be  over- 
thrown and  to  be  replaced  by  directly  opposite  ideas. 

Hydroquinol,  one  of  the  three  isomeric  dihydroxybenzenes, 
C.H4(OH)2,  may  be  taken  as  an  example  from  numerous 
similar  cases.  Withia  a  space  of  not  quite  two  years  each  of 
the  three  possible  arrangements  of  the  atoms  (1 :  2,  1 :  3,  and 
1  : 4)  has  been  successively  assigned  to  it.^ 

§  129.  Convinced  of  the  very  great  difficulty  of  determining 
the  absolute  position  of  the  atoms,  we  are  often  contented  with  a 
relative  determination  of  their  position,  and  attempt  to  ascer- 

>  See  Fittig,  Orundriss  der  organ.  Chemie,  Ausgabe  von  1874,  338  and 
627. 
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tain  in  which  compounds  the  atoms  or  radicals  substituted 
for  hydrogen  occupy  one  and  the  same  relative  position.  As  a 
rule,  we  start  with  the  assumption  that  this  is  the  case  in  those 
compounds  which  can  be  obtained  from  each  other  by  substi- 
tution. In  many  cases,  however,  this  assumption  is  clearly 
incorrect.  The  new  atom  or  radical  does  not  always  occupy 
the  position  of  the  atom  it  displaces.  On  the  contrary,  it  not 
unfrequently  happens  that  other  atoms  or  groups  of  atoms 
exchange  or  otherwise  alter  their  places  during  the  reaction. 

An  atomic  group  can  thrust  itself  into  the  molecule  and 
change  the  origmal  sequence  of  the  atoms.  For  example, 
Berthelot  discovered  that  carbon  monoxide  unites  with  j)otas- 
sium  hydroxide  to  form  a  formate.  It  cannot  be  assumed 
that  potassium  hydroxide  is  contained  in  the  formate  as  a 
united  group  of  atoms,  since  such  a  group  does  not  fulfil  the 
conditions  '  necessary  to  the  existence  of  the  molecule. 

We  must  therefore  assume  that  the  carbon  monoxide 
thrust  itself  between  the  hydrogen  and  the  group  KO  :  *  —  CO  < 
+  K— 0— H  =  K— 0— CO— H. 

The  formation  of  sodium  propionate,  NaO — CO— CgHg, 
from  carbonic  anhydride,  CO^,  and  sodium  ethide,  NaCgH,, 
which  was  first  discovered  by  Wanklyn,^  is  an  analogous  case. 
A  much  more  frequent  occurrence  is  that  the  exchange  of  one 
or  more  atoms  or  radicals  in  the  molecule  produces  a  state  of 
unstable  equilibrium  in  the  atomic  chain,  consequently  during 
or  immediately  after  the  exchange,  the  atoms  assume  a 
position  of  stable  equilibrium,  and  the  substance  first  formed 
is  converted  into  a  metameric  compound. 

The  artificial  formation  of  urea,  discovered  by  Wohler  in 
1828,  is  a  classic  example  of  this  nature.  Cyanic  acid, 
N=C— 0— H,  or  isocyanic  acid,  probably  0  =  C  =  N — H  and 
ammonia  NH3,  unite  to  form  ammonium  cyanate,  which  in 
the  course  of  time  changes  into  urea.  The  arrangement  of 
the  atoms  in  urea  must  be  H2  =  N— CO— N^Hg,  since  it  is 
formed  by  substituting  NH2  for  CI  in  CI— CO— CI. 

Ethylene  chloride  and  ethylidene  chloride,  CIH2C— CH2CI, 

'  Vide  %  106. 

2  The  fact  that  the  molecular  weight  of  some  of  these  substances  has  not 
been  directly  determined  is  immaterial. 
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and  H3C — CHClg,  are  also  examples  of  the  same  fact.  As  a 
rule,  different  products  are  formed  when  the  chlorine  atoms 
in  these  compounds  are  replaced  by  other  atoms  or  radicals. 
The  products  are  pot  identical,  but  only  isomeric,  because 
the  new  atoms  or  groups  of  atoms  fill  the  position  occupied 
by  chlorine  atoms.  But  under  certain  conditions,  especially 
when  the  reactions  take  place  at  high  temperatures,  the 
products  from  both  bodies  are  identical,  because  an  inter- 
molecular  change  has  taken  place  in  one  of  the  two  substances. 

The  aromatic  compounds  offer  numerous  examples  of  this 
kind.  The  most  remarkable  are  (1)  the  transference  of  methyl 
from  the  nitrogen  of  aniline  into  the  benzene  nucleus,  ob- 
served by  A.  W.  Hofmann.^ 

CgHg— N(CH3)3l  =  CH3— C,H4-N(CH3)2HI 

=  (CH3),-C,H3-N(CH3)H,I  =  (CH3)3-C,H,-NH3l, 

fl,nd  (2)  the  transformation  of  the  three  isomeric  oxybenzoic 
acids  into  each  other,  discovered  by  Kolbe  and  his  pupils.^ 
Since  this  kind  of  change  takes  place  more  frequently  at  high 
temperatures,  conclusions  as  to  the  arrangement  of  the  atoms 
which  are  based  on  the  exchange  of  certain  atoms  or  radicals 
are  rightly  regarded  as  uncertain,  when  these  changeacan  only 
be  brought  about  at  high  temperatures. 

§  130.  The  consideration  of  the  few  comparatively  simple 
examples  described  in  the  preceding  paragraphs  is  sufficient 
to  indicate  how  difficult,  but  also  how  remunerative,  is  the 
investigation  of  atomic  linking  in  different  compounds.  It  is 
not  surprising  that  in  the  case  of  a  large  number  of  organic 
compounds  the  difficulties  of  the  investigation  have  not  yet 
been  overcome. 

For  very  complex  compounds,  or  for  compounds  which 
have  not  been  thoroughly  investigated,  the  number  of  decom- 
positions known  is  not  sufficient  to  enable  us  to  state  which 
of  the  atoms  are  directly  united  with  any  one  given  atom. 
Certain  groups  of  atoms  are,  therefore,  of  necessity  left  unre- 
solved, as  compound  radicals  in  the  structural  formulas  of 
such  compounds.    This  is  also  frequently  done  for  the  sake  of 

'  Ber.  d.  deut.  chem.  Ges.  1872 ;  704  and  720. 

^  Journ.f.  pr.  Chem.  1874,  x.  451 ;  1875,  xi.  24  and  385 ;  1876,  xiii.  103. 
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convenience  in  the  formulfe  of  those  compounds  whose  mem- 
bers could  be  represented  in  full. 

For  many  years  the  formula  of  benzoic  acid  could  only  be 
separated  into  the  groups  (C,Hg)— CO— OH.  The  radical 
*  phenyl,'  C^B.^,  had  to  remain  unresolved.  This  same  formula 
is  still  frequently  used,  since  in  many  of  the  decompositions  of 
benzoic  acid  this  radical  remams  unchanged.  But  as  in  many 
important  reactions  the  group  C^H^O,  or  CgHg — CO,  the  radical 
'benzoyl'  remains  unaltered,  this  radical  is  also  frequently 

C  H  0 ) 

left  in  the  formula,  and  Gerhardt's  formula  used,  0 

or  C-HgO-OH.    Similarly  Gerhardt's  formula  ^'^^^0  or 

C2H3O— OH  is  frequently  used  instead  of  the  structural 
formula  for  acetic  acid,  because  the  radical  *  acetyl '  remains 
unchanged  in  many  reactions. 

In  the  present  state  of  our  knowledge  the  extent  to  which  a 
formula  is  spht  up  or  contracted  is  a  mere  matter  of  convenience, 
and  has  ceased  to  be  a  subject  of  scientific  discussion,  as  was 
formerly  the  case.  It  is  only  necessary  that  the  groups  which 
are  left  as  radicals  should  comply  with  the  conditions  as  to 
their  structure  previously  mentioned  (§  106),  and  that  they 
in  reality  remain  together  in  certain  decompositions. 

But  it  is  no  longer  permissible  to  accept  groups  of  atoms 
which  do  not  comply  with  these  conditions  as  constituents  of 
volatile  compomids. 

§  131.  Our  knowledge  of  atomic  Imking  would  undoubtedly 
remain  in  a  state  of  uncertainty  if  it  was  entirely  and  solely 
based  on  the  investigation  of  the  decomposition  and  re- 
building of  the  atomic  chains.  Fortunately  new  auxiliary 
methods  were  discovered  at  the  very  commencement  of  this 
research,  which  added  largely  to  the  accuracy  and  extent  of 
our  knowledge.  Long  before  the  theory  of  atomic  linking  was 
developed,  identity  or  similarity  in  the  chemical  character 
and  physical  properties  of  bodies  was  believed  to  indicate,  as  a 
rule,  identity  or  similarity  of  constitution. 

This  idea  has  been  more  closely  examined,  and  to  a  certain 
extent  confirmed,  by  researches  on  atomic  linking. 

As  soon  as  the  constitution  of  a  large  number  of  compounds 
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had  been  accurately  determined,  it  was  seen  that  substances 
having  analogous  properties  must,  as  a  rule,  possess  an  analo- 
gous arrangement  of  the  atoms.  At  the  same  time  it  was 
evident  that  certain  groups  of  atoms  exert  a  much  stronger 
influence  on  the  nature  of  the  compound  than  others,  so  that 
the  character  of  a  compound  is  often  determined  by  a  small 
number  of  the  atoms  it  contains,  if  these  are  united  together 
in  a  particular  manner. 

Analytical  chemistry  long  ago  discovered  the  connection 
between  the  properties  of  a  body  and  those  of  its  constituents. 
Systematic  chemistry,  but  especially  organic  chemistry,  is  now 
investigating  the  influence  which  certain  groups  of  atoms  exert 
on  the  chemical  and  physical  properties  of  compounds.  The 
most  important  results  of  this  investigation  are  now  described 
in  many  textbooks.  A  thorough  and  systematic  account  of 
these  results  would  form  an  extensive  and  highly  desirable 
treatise,  but  space  only  permits  us  to  offer  a  few  examples. 

§  132.  The  chemical  behaviour  of  the  elements,  their 
tendency  to  form  compounds  with  other  elements,  depends 
not  only  on  their  own  nature,  but  to  a  great  extent  on  the 
nature  of  the  compounds  in  which  they  are  contained.  It  has 
long  been  known  that  one  and  the  same  element  can  unite 
with  different  elements  and  form  compounds  of  widely  distinct 
properties,  and  that  in  these  different  compounds  the  element 
is  held  in  position  by  unequal  forces.  The  compounds  of 
hydrogen  with  carbon,  nitrogen,  oxygen,  and  chlorine  exhibit 
widely  different  properties,  and  the  hydrogen  is  much  more 
readily  replaced  by  other  elements  in  some  of  these  compounds 
than  in  others.  The  hydrogen  atoms  contained  in  one  and 
the  same  molecule  may  also  exhibit  a  similar  difference, 
accordmg  as  they  are  directly  united  to  carbon,  nitrogen, 
oxygen,  or  sulphur.  Thus  an  atom  of  hydrogen  which  is 
directly  attached  to  carbon  is  more  easily  replaced  by  negative 
elements  hke  chlorine  or  bromine,  and  a  hydrogen  atom 
directly  combined  with  oxygen  is  more  easily  replaced  by 
positive  elements,  and  especially  by  metals. 

The  more  distant  atoms  also  often  exert  considerable  in- 
fluence. The  properties  of  the  hydrogen  atoms  of  the  hydroxj^l 
group,  — OH,  vary  with  the  nature  of  the  atom  which  saturates 
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the  second  affinity  of  the  oxygen  atom.  Potassium  forms  with 
hydroxyl  the  powerful  base  potash,  KOH ;  hydrogen  forms 
water,  HOH ;  and  chlorine  yields  hypochlorous  acid,  ClOH. 
The  influence  of  the  neighbouring  atoms  is  even  greater.  The 
character  of  a  hydroxyl  group  attached  to  a  carbon  atom  varies 
according  as  the  remaining  affinities  are  saturated  by  positive 
or  negative  elements.  The  groups  of  atoms  x  — GH^ — OH 
and  X  — CO — OH  are  characteristic  of  large  groups  of  organic 
compounds,  the  first  is  characteristic  of  the  so-called  primary 
alcohols,  and  the  second,  known  as  the  *  carboxyl '  group, 
of  the  organic  acids.  Still  finer  distinctions  can  be  drawn. 
Thus  the  groups, 

TV 

H  CH2 

I  I 
*— CH2— C— CH2— *    and     *— CH2-C— CH2— * 

I  I 
OH  OH 

are  recognised  as  typical  of  the  secondary  and  tertiary 
alcohols,  and  the  hydroxyl  group  attached  to  the  benzene  ring 
(§§  127,  128)  differs  from  all  the  others  m  its  properties.  It 
holds  a  position  between  the  alcoholic  and  acid  hydroxyls  ;  when 
an  atom  of  hydrogen  in  the  benzene  ring  is  replaced  by  a  nega- 
tive atom  or  radical,  its  behaviour  approaches  that  of  an  acid. 

Phenol,  CgHg — OH,  is  a  very  weak  acid.  Trichloro-  and 
trinitro-phenols,  CgHgClg— OH  and  C6H2(N02)3 — OH,  are 
powerful  acids,  behaving  like  those  acids  in  which  — OH  is 
attached  to  — CO — . 

Other  groups  of  atoms  and  individual  atoms  exhibit  similar 
differences  to  those  observed  in  the  case  of  hydroxyl,  accordmg 
to  the  natm-e  and  arrangement  of  the  atoms  with  which  they 
are  directly  or  indirectly  united. 

But  as  the  subject  is  usually  exhaustively  dealt  with  in 
modern  treatises  on  organic  chemistry  it  is  not  necessary  to 
discuss  it  in  detail  in  the  present  work. 

§  133.  The  arrangement  as  well  as  the  nature  of  the 
atoms  in  a  compound  exerts  a  definite  influence  on  the  physical 
properties  of  the  substance.  The  knowledge  of  the  connection 
is  of  great  service  in  investigating  atomic  linking.  "\Yhen 
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the  nature  of  the  connection  between  the  physical  properties 
and  chemical  constitution  is  ascertained  in  a  series  of  com- 
pounds of  known  structure,  the  law  governing  this  relation 
can  be  used  in  order  to  deduce  from  the  physical  properties  of 
a  compound  the  arrangement  of  its  atoms,  in  cases  where 
this  is  not  known.  The  properties  are  not  very  numerous  for 
which  this  relation  with  the  atomic  linking  has  been  deter- 
mined with'  sufficient  exactitude  for  a  large  number  of  com- 
pounds. In  many  of  the  carbon  compounds  the  influence  of 
the  arrangement  of  the  atoms  on  then-  volatility  can  be  ex- 
pressed by  simple  rules,  which  are  indeed  neither  very  general 
nor  very  exact,  but  within  certain  limits  represent  the  law  of 
this  connection  at  least  approximately. 

The  fact  that  the  law  of  the  relation  between  volatility 
and  atomic  linking  is  not  known  in  its  strict  form,  in  spite 
of  the  large  number  of  compounds  investigated,  is  due  to  two 
causes,  viz.  the  difficulty  of  preparing  the  substances  in  a  state 
of  purity,  and  secondly  the  method  of  representing  the  relation 
between  atomic  linking  and  volatility,  which  is  convenient  in 
practice,  but  ill-adapted  for  theoretical  considerations. 

The  measure  of  the  volatility  of  a  substance  is  its  vapour 
pressure,  i.e.  the  maximum  pressure  which  the  vapour  can 
support  without  being  condensed  to  a  liquid.  This  maximum 
pressure  is  dependent  on  the  temperature ;  it  increases  with 
the  temperature,  but  not  in  the  same  ratio.  For  a  given 
substance  a  certain  vapour  pressure  corresponds  to  each  tem- 
perature, so  that  each  of  these  variable  values  appears  to  be 
governed  by  the  other.  But  it  is  obvious  that  the  tempera- 
tm-e  must  be  regarded  as  the  independent  variable  and  the 
vapour  pressure  as  the  dependent  variable ;  for  the  pressure 
of  a  gas  or  vapour  is  produced  by  the  motion  of  its  particles, 
which  is  imparted  to  it  in  the  form  of  heat  and  is  measured 
by  the  temperature,  the  degree  of  heat.  This  relation  has 
been  reversed  in  the  investigation  of  the  connection  between 
volatility  and  chemical  constitution.  Instead  of  investigating 
the  changes  in  the  vapour  pressure  of  different  compounds 

'  See  Kopp,  Ann.  Chem.  Pharm.  1856,  xcvi.  2  ;  Lehrhucli  phys.  theor. 
Chemie,  1863,  202  ;  Kekul6,  Lehrbuch  org.  Cltcm.  i.  281 ;  Gmelin,  Kraut,  i.  1 ; 
Alex.  Naumann,  552. 
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with  the  temperature,  the  vapour  pressure  has,  as  a  rule,  been 
treated  as  the  independent  variable,  and  the  temperature  has 
been  determined  at  which  all  the  different  bodies  possess  the 
same  vapour  pressure,  viz.  that  equal  to  the  atmospheric 
pressure.  In  other  words,  the  boiling  points  have  generally- 
been  determined  only  at  the  atmospheric  pressure.  The  pro- 
blem has  been  solved  in  its  entirety  only  in  the  case  of  a  few 
groups  of  compounds.^ 

Although  the  observations  are  incomplete  in  the  case  of 
most  substances,  they  may  serve  nevertheless  in  many  cases, 
especially  for  the  carbon  compounds  as  a  valuable  aid  in  the 
investigation  of  atomic  linking. 

This  appHcation  has  been  rendered  possible  by  the  dis- 
covery that  the  boiling  point  is  dependent  to  a  definite  extent 
on  the  molecular  weight  and  on  the  arrangement  of  the  atoms. 
The  following  rules,  the  results  of  observation,  are  particularly 
serviceable. 

§  134.  Isomeric  substances  of  the  same  molecular  weight 
and  analogous  atomic  linking  possess  almost  the  same  boiling 
points.  H.  Schroder  ^  pointed  out  (on  insufficient  grounds) 
that  the  boiling  points  are  not  exactly  the  same.  Linneman,^ 
who  used  an  improved  process  of  distillation,  confirmed  the 
accuracy  of  this  statement  with  regard  to  a  large  number  of 
groups.  The  isomeric  ethereal  salts  of  acids  of  analogous 
constitution  have  almost  the  same  boiling  point. 

B.  Pt.< 

Butyl  acetate,  CHj— CH^— CH^— CH^— 0— CO— CHg  .  .  124-3 
Propyl  propionate,  CHa—CHo—CHj— 0- CO— CH,—CH3  .  122-4 
Ethyl  butyi-ate,  CH3— CH^— 0— CO— CH^— CH,— CH3    .       .  121-0 

The  boiling  point  rises  as  the  chain  attached  to  the  CO  de- 
creases and  the  chain  attached  to  the  0  increases  in  length. ^ 

'  Landolt's  determinations  of  the  vapour  tensions  of  the  fatty  acids, 
Untersuchungen  ilber  die  Dampftensionen  homologer  Verbindungen,  Bonn, 
1868 ;  also  Ann.  Chem.  Pharm.  1868,  Suppl.-Band  vi.  129  ;  Winkelmann,  Ann. 
Chem.  Pharm.  1880,  cciv.  251.  See  also  Schumann's  investigations  of  the 
ethereal  salts  of  these  acids,  Wied.  Ann.  1881,  xii.  40. 

Die  Siedhilze  der  chem.  Verbindungen,  Mannheim,  1844,  §  57. 

"  Ed.  Linnemann,  '  Ueber  Siedepunktsdifferenzen,'  Ann.  Chem.  Pharm. 
1872,  clxii.  39.  '  Linnemann,  loc.  cit. 

*  Schumann  {loc.  cit.)  has  shown  that  this  rule  does  not  apply  to  methyl 
ethereal  salts,  which  boil  at  higher  temperatures  than  their  isomeric  ethyl  salts. 
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Isomeric  compounds  of  the  same  molecular  weight,  but  not 
having  analogous  atomic  linking,  generally  possess  different 
boiling  points ;  a  certain  difference  in  atomic  linking  generally 
corresponds  to  a  definite  difference  between  the  boiling  points. 
The  ethereal  salts  of  the  composition  C,iH2„02  differ  from  the 
isomeric  acids  by  containing  the  group  — 0C„iH2;„+i  in  the  place 
of  hydroxyl.  This  causes  a  difference  of  about  85°  in  the 
boiling  points. 


B.  Pt. 

Propionic  acid,  HO— CO— GHj— CH3 

.  140° 

Methyl  acetate,  CH3— 0— CO— CH3  . 

.  66° 

DifE. 

84° 

Ethyl  formate,  CHg-CH^- 0— CO— H  . 

.  55° 

Diff. 

85° 

Butyric  acid,  HO— CO— CH,— CH^— CH3  . 

.  162° 

Ethyl  acetate,  CH3— CH„— 0  -  CO— CH3  . 

.  77° 

Diff. 

"^5° 

The  boiling  points  differ  generally  in  compounds  having  analo- 
gous atomic  Imking  but  different  molecular  weights  ;  a  given 
difference  in  composition  generally  corresponds  to  a  definite 
difference  m  the  boiling  points. 

In  many  series  of  homologous  compounds  the  boiling  point 
is  raised  19  or  20  degrees  for  each  additional  carbyl  group, 
CH2 ;  e.g.  the  fatty  acids. ^ 

B.  Pt.     Diff.  . 

Formic  acid,  HO— CO— H  100° 

Acetic  acid,  HO— CO— CH,  119°  19° 

Propionic  acid,  HO— CO— CH  — CH3  ....  140°  21° 
Butyric  acid,  HO— CO— CH2—CH2—CH3  .       .       .    162°  22° 

Landolt  has  determined  the  vapour  pressure  as  a  function 
of  the  temperature  for  these  and  some  other  bodies,  and  has 
shown  that  almost  the  same  differences  between  the  boiling 
points  exist  for  increased  as  well  as  for  diminished  pressm-es, 
viz.  for  all  pressures  between  one  and  a  half  and  half  an 
atmosphere.  But  when  the  pressure  sinks  below  half  an  atmo- 
sphere the  differences  between  the  boiling  points  are  no  longer 
equal. 

In  other  series  of  organic  compounds  of  analogous  atomic 
linking,  a  difference  in  the  composition  of  CHg  also  produces 

'  Landolt,  o^:).  cit.  p.  40. 
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a  constant  rise  in  the  boiling  point,  which  is  in  some  cases 
much  greater,  in  others  much  smaller  than  20°. 

The  boiling  points  of  the  ethereal  salts  of  the  hydroxy- 
acids,  such  as  gly collie  acid,  which  were  investigated  by  L. 
Schreiner,'  are  very  remarkable  : 

Cm^2m+ 1  0  —  CHg —  CO  0 — C„H2„+ 1. 


The  accompanying  table  shows  that  the  increase  of  m  by  one 
unit  raises  the  boiling  point  twenty  degrees  and  more,  whilst 
a  similar  addition  to  n  only  produces  an  alteration  of  6°  or  8°. 


m  =  0 

Diff. 

=  1 

Diff. 

=  2 

Diff. 

=  3 

n  =  0 

158° 

21° 

199° 

? 

Di£E. 

—45 

—47 

n=l 

151 

—18° 

133 

19 

152 

26 

178 

Di2. 

9 

6 

6 

6 

n  =  2 

160 

—21 

139 

19 

158 

26 

184 

Diff. 

10 

8- 

8 

8 

71  =  3 

170 

-23 

147 

19 

166 

26 

192 

A  certain  difference  in  composition  and  atomic  linking 
generally  produces  the  same  difference  in  the  boiling  point, 
even  in  the  case  of  bodies  differing  in  composition  and  atomic 
linking.  The  addition  of  CH2  lowers  the  boihng  point  about 
62°,  when  it  is  produced  by  the  substitution  of  methyl  CH3 
for  the  H  of  a  hydroxyl  group,  so  that  the  0  no  longer  links 
H  and  C  together,  but  unites  C  with  C ;  e.g? 

B.  Pt. 

Acetic  acid,  H— 0— CO— CH3  Hgo 

Methyl  acetate,  CH3— 0— CO— CH3  56° 

Diff.  "63° 

Alcohol,  H— 0— CH,,— CH3  78° 

Ethyhnethyl  ether,  CH3— 0— CH,— CH,    ....  11° 

Diff.  67° 

In  the  compounds  investigated  by  Schreiner  a  similar  change 
of  composition  only  lowers  the  boiling-point  45-47°,  or  even 

'  Inaugural  Dissertation,  Tiibingen,  1878 ;  Ann.  Cham.  Pharm.  1879, 
cxcvii.  1.  On  pp.  8  and  20  the  boiling  point  of  the  methyl  ether  of  ethylglycollic 
acid  is  incorrectly  given  as  142°  instead  of  152°. 

The  difference  is  smaller  when  the  hydroxyl  is  combined  with  phenyl  as 
sho^vn  by  comparing  the  boiUng  points  of  anisol  and  phenol,  viz.  182°  and  152°. 
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only  18-23°,  according  to  the  particular  hydroxyl  group  which 
is  converted  into  0 — CHg. 

If  an  alcohol  group/  CHg — OH,  is  converted  into  carboxyl, 
CO — OH,  by  oxidation,  the  boiling  point  is,  as  a  rule,  raised 


about  40°. 

B.  Pt. 

Methyl  alcohol,  HO-CH3   60° 

Formic  acid,  HO— CO— H   100° 

Diff.  40° 

Ethyl  alcohol,  HO— CH,,— CH3   78° 

Acetic  acid,  HO— CO— CH3   119° 

Dili.  41° 

Benzyl  alcohol,  HO— CH,— CgHa   207° 

Benzoic  acid,  HO— CO— C^Hj   250° 

Diff.  43° 


Large  numbers  of  similar  relations  have  been  discovered,  but 
in  many  cases  they  have  nqt  been  ascertained  with  sufficient 
certamty,  especially  where  there  is  more  than  one  point  of 
difference  in  composition  and  atomic  linking. 

§  135.  If  the  law  governing  the  relation  between  volatility 
and  atomic  linking  was  perfectly  understood,  it  is  highly  pro- 
bable that  the  knowledge  of  the  percentage  composition  and 
of  the  vapour  pressure  as  a  function  of  the  temperature  would 
be  sufficient  in  any  case  to  definitely  determine  the  atomic 
Imking,  and  thus  to  select  from  the  numerous  possible  forms 
of  combination  that  one  which  belongs  to  the  given  compound. 
This  is  by  no  means  usual  in  the  present  state  of  our  know- 
ledge ;  in  certain  cases  only  (which  are,  however,  pretty 
numerous)  it  is  possible  to  do  so  by  aj^plying  the  empirical 
rules  on  the  relation  between  volatility  and  atomic  linking 
contained  in  the  preceding  paragraphs.  In  order  to  apply  these 
laws  it  is  generally  necessary  to  know  the  atomic  linking  and 
volatility  of  a  large  number  of  compounds  resembling  in  com- 
position or  properties  the  substance  whose  atomic  linking  it  is 
wished  to  ascertain.  Thus  the  boiling  point  would  easily  solve 
the  problem  in  §  124,  viz.  which  of  the  two  possible  atomic 
combinations  for  the  compound  CJi^O  is  to  be  assigned  to 
alcohol  and  which  to  methyl  ether.    Experience  shows  that 


'  See  §  132. 
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the  liydros}^  compound  is  always  less  volatile  and  has  a  higher 
boiling  point  than  its  isomeric  compounds  which  do  not  con- 
tain hydroxyl,  hence  the  constitution  CH3 — CH2 — OH  is 
assigned  to  alcohol,  which  boils  at  78°,  and  CH3—  0— CH3  to 
methyl  ether,  which  boils  at  —21°.  In  this  and  many  other 
cases  the  result  is  merely  an  almost  superfluous  confirmation 
of  the  knowledge  acquired  by  splitting  up  and  building  together 
again  the  atomic  chains.  The  question  whether  a  compound 
CnHsttOo  contains  the  carboxyl  group,  and  is  an  acid,  or  whether 
its  atoms  are  arranged  as  an  ethereal  salt  would  scarcely  be 
decided  by  the  fact  of  the  acid  boiling  85°  higher  than  the 
isomeric  ethereal  salt,  for  whether  the  compound  exhibited  the 
properties  of  an  acid  or  an  ethereal  salt  would  be  first  ascer- 
tained. Where  a  doubt  existed  with  regard  to  these  properties, 
and  when  the  splitting  up  and  building  together  of  the  chain 
did  not  yield  decisive  results,  then  the  determination  of  the 
volatility  may  be  of  service.  But  it  cannot  be  disputed  that 
less  importance  is  attached  to  this  auxihary  than  it  deserves  ; 
for  it  is  free  from  the  source  of  error  mentioned  in  §  129, 
which  often  makes  the  deductions  from  chemical  reactions 
very  uncertain.  It  has  been  already  pointed  out  that  the 
study  of  chemical  changes  alone  does  not  insure  the  attain- 
ment of  a  perfectly  rehable  conclusion  as  to  the  atomic  linking 
hefore  the  reaction,  since  a  greater  change  in  the  constitution 
of  the  body  may  occur  than  is  absolutely  required  by  the 
reaction.  In  investigating  the  chemical  behaviour  of  a  sub- 
stance, we  ascertain  the  arrangement  of  the  atoms  at  the 
moment  when  its  equilibrium  is  disturbed,  but  in  determinmg 
the  physical  properties,  this  is  ascertained  during  the  state  of 
equilibrium. 

On  the  other  hand,  it  cannot  be  denied  that  a  direct  con- 
clusion as  to  the  arrangement  of  the  atoms  is  deduced  from 
the  chemical  reactions,  whilst  deductions  from  the  physical 
properties  are  indirect,  and  can  only  be  made  after  the  atomic 
linking  of  a  large  number  of  compounds  has  been  ascertained 
by  chemical  means,  and  after  the  connection  between  the 
physical  properties  and  the  atomic  Hnking  has  been  subse- 
quently determined.    It  is  therefore  obvious  that  the  know- 
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ledge  of  this  connection  must  long  be  a  secondary  considera- 
tion, although  it  will  gradually  increase  in  importance. 

At  present  the  determination  of  the  boiling  point  is  useful 
for  ascertaining  the  atomic  linking  of  those  isomeric  bodies 
which  resemble  each  other  so  closely  that  they  can  only  be 
distinguished  with  difficulty,  or  whose  constitution  requires 
further  confirmation. 

These  fine  distinctions  are  exhibited  by  those  isomeric 
compounds  mentioned  in  §  117,  which  differ  from  each  other  in 
the  linking  of  theii'  carbon  atoms,  or  in  the  different  positions 
occupied  by  other  atoms.  The  analyses  and  syntheses  of 
these  compounds  and  the  comparison  of  their  physical  pro- 
perties show  that  the  isomeric  compounds,  whose  atoms  form 
a  straight  chain,  have  the  highest  boiling  points,  and  that  the 
boiling  point  sinks  as  the  chief  chain  diminishes  in  length  and 
the  number  of  side  chains  increases. 

The  four  different  butyl  alcohols,  C.,H,oO,  whose  atomic 
linking  is  represented  below,  have  the  following  boiling  points  : 

B.  Pt. 

Normal  butyl  alcohol,  CH3— CH^-CH -CH,— OH  .  .  .  117° 
Isobutyl  alcohol,  CH3—CH—CH2-OH  109° 

CH3 

Secondary  butyl  alcohol,  CH3—CH—CH-CH3      .      .  .97° 

OH 

CH3 

Tertiary  butyl  alcohol,  CH3— C— CH3       ...  .84° 

OH 

The  first  two  alcohols  on  oxidation  yield  two  different 
butyric  acids,  having  the  constitutional  formulae 

CH,-CH,-CH -CO-OH  and  CH3-CH-CO-OH 

I 

CH3 

The  acid  formed  from  the  second  alcohol,  and  therefore  called 
isobutyric  acid,  having  the-  constitution  represented  by  the 
second  formula,  boils  at  154°,  normal  butyric  acid  derived 
from  the  first  alcohol  boils  at  162°. 

Similarly  the  four  different  valerianic  acids,  CgHjoOi,  boil 
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at  162°,  173°,  175°,  and  184°  respectively.  The  liiiking  of 
their  atoms  is  represented  by  the  following  formulae  : 

CH3— CH— CH— CH— CO— OH       .       .  184° 

CH3-CH— CH,— CO— OH  ....  175° 

I  "  ■ 

CH, 

CH3— CH2— CH— CO-OH  .       .       ,       .  173° 
I 

CH3 

CH3 

I 

CH3— C— CO— OH  162° 

I 

CH3 

Since  the  difference  of  22°  between  the  boiling  point  of  one  of 
these  valerianic  acids  (b.  p.  184°)  and  the  boiling  pomt  of  normal 
butyric  acid  (160°)  is  the  same  as  the  difference  between  the 
boiling  point  of  the  latter  acid  and  that  of  propionic  acid 
(140°),  we  should  be  justified  in  assuming  the  acid  boiling  at 
184°  to  be  normal  valerianic  acid,  even  if  its  mode  of  forma- 
tion had  not  led  to  the  same  conclusion.    The  boiling  point  of 
the  second  valerianic  acid  differs  from  that  of  isobutyric  acid 
by  almost  the  same  interval,  viz.  21°;  the  second  formula,  which 
is  analogous  to  that  of  isobutyric  acid,  is  therefore  assigned  to 
it.    The  third  formula  is  given  to  the  acid  boiling  at  173°, ' 
because  it  is  derived  from  acetic  acid  by  replacing  one  atom 
of  hydrogen  by  CH3  and  another  hj  C^H^;  finally  the  acid 
boilmg  at  162°  receives  the  last  of  the  four  possible  formulae, 
because  it  is  derived  from  an  alcohol  having  an  analogous 
constitution.    Eelations  similar  to  those  which  have  been 
pointed  out  for  the  hydroxyl  and  carboxyl  compounds  have 
also  been  established  for  the  corresponding  chlorides,  bromides, 
iodides,  &c.    At  present  it  is  impossible  to  formulate  general 
laws  for  deducing  the  atomic  linking  from  the  observation  of 
the  boiling  point.    These  examples  suffice  to  show  how  the 
knowledge  of  the  volatility  can  be  successfully  applied  in 
determining  atomic  linking  in  certain  rather  small  groups  of 
compounds. 

'  E.  Saucr,  Ber.  d.  deut.  chain.  Ges.  1875,  viii.  1037. 
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§  136.  Theoretical  speculations  on  the  influence  of  atomic 
linking  on  volatiHty  may  appear  premature.  We  therefore 
confine  ourselves  to  the  remark  that  the  position  of  the  centre 
of  gravity  and  the  moment  of  inertia  of  the  rotating  molecule 
appear  to  exert  great  influence  on  the  volatility.  Determina- 
tions of  the  latent  heat  of  vapours  would  probably  thro^¥ 
light  on  this  subject. 

The  easier  condensation  of  compounds  composed  of  long 
atomic  chains  is  perhaps  partly  due  to  the  elongated  molecules 
mutually  interfering  with  each  other's  path  in  their  movements 
in  the  gaseous  state,  and  to  their  colliding  more  frequently, 
and  consequently  condensing  more  easily  to  larger  aggrega- 
tions than  the  more  compact  molecules  with  branched  chams 
would  do  under  similar  conditions.  This  question  may  per- 
haps be  decided  by  observations  on  the  rates  of  transpiration 
of  the  vapours.' 

§  137.  There  is  no  doubt  that  the  fusibility  of  compounds 
depends  on  their  atomic  Imking,  so  that  it  will  be  possible  to 
make  use  of  the  melting  point  to  discover  the  arrangement 
of  the  atoms.2  But  in  the  present  state  of  the  science  this  can 
only  be  done  to  a  very  limited  extent.  A  rule  which  is  fre- 
quently used  in  the  case  of  isomeric  substitution  products  of 
benzene  (§  127)  is  that  para  compounds  melt  at  a  higher 
temperature  than  the  ortho  and  meta  compounds. 

The  rise  and  fall  of  the  melting  point  by  repeated  direct 
substitution  of  one  and  the  same  element  in  benzene  is 
very  remarkable.  By  the  action  of  chlorine  and  bromine 
the  following  substitution  products  are  successively  obtained 
(together  with  small  quantities  of  isomerides)  : 


C„H,,C1, 
C„H,Cl3 
C«H,C1, 
G„H,C1, 
C„C1„ 


Melting-point  ^ 
+  3° 

-40° 

+  53° 

+  17° 

+  139° 

+  86° 

+  228° 


G„H,Br, 
C„H3Br3 
C,H,Br, 
C„H,Br, 
C«Br„ 


Melting-iJOint 
+  3° 

below  -20° 

+  89° 

+  44° 

+  140° 

above  240° 

above  310° 


Ann.  Chem.  Pharm.  1863,  Suppl.  v.  129 ;  A7m.  Phys.  CJiem.  1879,  vii. 


497. 


Carnelly,  Phil.  Mag.  [5]  1882,  13,  112,  180. 
a  Jungfleisch,  Coinpt.  Rend.  1867,  Ixvi.  911. 
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The  substitution  of  the  first,  third,  and  fifth  chlorine  atom, 
and  of  the  first  and  third  bromine  atom,  lowers  the  temperature 
40°,  while  the  second,  fourth,  and  sixth  raise  it  again  about 
100°.  The  fifth  bromine  atom  proves  an  exception ;  it  also 
raises  the  melting  point. 

The  relations  which  A.  Baeyer'  discovered  between  the 
meltmg  points  of  the  normal  acids,  C^HgnOs,  and  C„H2„_204, 
may  be  regarded  from  the  same  point  of  view.  These  acids 
have  the  composition 

H— (CH2)/7i— CO— OH  and  HO— CO— (CH2)m— CO— OH, 

and  may  be  regarded  as  derived  from  formic  acid,  H — CO — OH, 
and  oxalic  acid,  HO— CO— CO— OH,  by  the  introduction  of 
^(CHa).  Here  again  the  melting  point  rises  and  falls  with 
an  increasing  number  of  carbon  atoms. 


Melting-point 

C,H..O, 

+  8-6° 

c.,h;o; 

+  17° 

below 

-  21° 

+  1° 

below 

-  16° 

-  2° 

-10-5 

+  16° 

+  12° 

+  30° 

C16H3202 

+  62° 

CkH3,02 

+  60° 

+  69° 

CllH2(|04 

C17H32O4 


Melting-point 
does  not  melt 

+  180° 

+  148° 

+  140° 

+  127° 


+  132° 
+  97° 
+  103° 
+  106° 
+  108° 


+  132° 


In  passmg  from  an  uneven  to  the  next  even  number  of 
carbon  atoms,  the  melting  point  rises ;  in  passing  from  the 
even  to  the  uneven  numbers  it  falls.  Taking  each  series  of 
even  and  uneven  members  separately,  the  melting  point  first 
sinks  in  each  series  with  an  increased  number  of  carbon 
atoms,  and  begins  to  rise  again  with  the  fifth  and  sixth 
members,  except  in  the  case  of  the  even  dibasic  acid  series, 
where  it  continues  to  sink  to  the  tenth  member  and  perhaps 
farther.  Similar  relations  can  be  detected  in  many  groups  of 
organic  compounds,  but  a  general  insight  of  the  laws  on  which 
they  are  based  is  still  wanting. 

§  138.  The  density  of  the  compounds  is  another  of  the 

'  Ber.  d.  deut.  chem.  Ges.  1877,  1286. 
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properties  which  is  influenced  by  the  nature  of  their  atomic 
linking.  According  to  Kopp's '  investigations  the  specific  or 
molecular  volumes,  i.e.  the  space  occupied  by  the  molecular 
weights,  of  organic  compounds  in  the  liquid  state,  bear  a 
simple  regular  relation  to  each  other  if  the  volumes  are 
measured  at  temperatures  at  which  the  vapours  of  all  the 
different  liquids  have  the  same  vapour  pressure.  So  far  the 
comparison  has  only  been  made  for  temperatures  at  which  this 
pressure  is  equal  to  that  of  one  atmosphere,  i.e.  at  the  tem- 
perature of  the  boiling  points  under  the  mean  atmospheric 
pressure.  The  weight  of  an  atom  of  hydrogen  is  taken  as  the 
unit  of  weight,  and  the  space  occupied  by  the  same  weight  of 
water  at  4°  as  the  unit  of  volume ;  then,  according  to  Kopp's 
investigations,^  the  molecular  volume,  i.e.  the  volume  occu- 
pied by  the  molecular  weight  of  an  organic  compound  of  the 
composition  C,.HA,  or,  in  other  words,  the  molecular  weight 
0i  =  X  .I'i  +  y  +  zl6^  divided  by  the  density  compared  with 
water  at  4°,  is'  represented  by  the  formula,  which  has  been 
discovered  empirically, 

#==:V  =  A-. 11  +  2/. 5-5  +  ^. 7-8; 
(J'  .  . 

^^^y  ^  =  Y  =  x,n  +y-5-5  +  z.12-2; 

or  finally     ^  =  Y  =^  x  .11  +  y  .5-5  +  {z~u)  T8  +  u  12-2. 

In  other  words,  the  molecular  volume  of  the  compound  is 
obtained  by  calculating  for  each  carbon  atom  in  the  molecule 
11  units  of  volume,  for  each  atom  of  hydrogen  5-5  units  and 
or'ach  atom  of  oxygen  either  7-8  or  12-2  umts  of  vc^n. 
The  value  for  the  atom  of  oxygen  depends  on  the  mannei  m 

which  it  is  combined.  ^„  a 

Numerous  comparisons  have  shown  that  oxygen  has  a 
snecific  volume  of  7-8  when  one  of  its  atoms  unites  two  atom 
rca"gether,  or  unites  an  atom  of  hydrogen  to  an  atom 

1  Ann.  Clmn.  Pimm.  xcvi.  153,  303  ;  c.  19. 

2  lUd.  xcvi.  173-185. 

3  In  round  numbers,  C  =  12  and  0  =  16. 
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of  carbon ;  but  when  it  is  attached  by  both  its  affinities  to  the 
same  atom  of  carbon  its  vokime  is  12-2.i    For  example : 

Alcohol         V  (C.,H,0)  =2-  11  +  6.5-5+   7-8  =  62-8 

Aldehyde       V  (C.^H.O)  =2-  11  +  4  .  5-5  +  12-2  =  56-2 

Acetic  acid  V  (C^H.O.,)  =2-  11+4.5-5  +  12-2  +  7-8  =  64-0 
Ethyl  acetate  V  (CXo.)  =  4-  11  +  8.5-5  +  12-2  +  7-8  =  108-0 

Corresponding  to  the  atomic  Unking  expressed  by  the  for- 
mulae— 

CH3— CH— 0— H    CH3— CO— H     CH3— CO— 0— H 

Alcohol.  Aldehyde.  Acetic  acid. 

CH3— CO— 0— CH— CH3 

Ethyl  acetate. 


The  calculated  numbers  agree  very  closely  with  the  ob- 
served molecular  volumes.^ 


Molecular  'Weight 

M 

B.  Pt. 

Density  at  the  B.  Pt. 
d 

Molecular  Volume 
V 

d 

Alcohol . 

C,H„0    =  46 

78° 

0-736—0-744 

61-8—  62-5 

Aldehyde 

C„H^O    =  44 

21° 

0-773—0-786 

56-0—  56-9 

Acetic  acid  . 

CMfi.,  =  60 

118° 

0-941—0-945 

63-5—  63-8 

Ethyl  acetate 

CjHgO,  =  88 

74° 

0-816- 0-819 

107-4— 107-8 

This  relation  of  molecular  volume  to  atomic  linking  en- 
ables us  to  decide  in  what  way  the  oxygen  is  combined  with 
the  carbon. 

Acetone  C3HgO,  at  its  boiling  point,  56°,  has  the  density 
0-954- 0-957,  its  molecular  volume  is  therefore  77-3 — 77-6. 
But  since  3  . 11  +  6  .  5-5  + 12-2  =  78-2,  and  3  . 11  +  6 .  5-5  +  7-8 
=73-8,  the  volume  for  0  must  be  taken  as  12-2,  in  order  that  the 
calculated  and  observed  molecular  volumes  may  agree.  Con- 
sequently the  oxygen  must  be  united  to  one  carbon  atom  by 
both  its  affinities.  The  formation  and  the  whole  behaviour  of 
acetone  correspond  to  the  formula  CHg — CO — CHg,  in  which 

'  strictly  speaking,  the  rule  should  be  that  the  group  — CO —  has  the 

value  23-2  =  11  +  12-2,  leaving  it  an  open  question  which  of  the  elements 
causes  the  increased  molecular  volume. 

^  H.  Kopp,  Ann.  Ghent.  Pliarm.  1855,  xcvi.  180. 
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the  group  CO  occurs.  The  behaviour  of  sulphur '  is  similar 
to  that  of  oxygen. 

Buffs  2  investigations  show  that  when  two  carbon  atoms 
are  united  together  by  two  affinities  they  occupy  a  larger 
volume  than  Kopp's  law  assigns  to  them.  The  following 
molecular  volumes  are  calculated  from  observations  by  Kopp 
and  by  Buff : — 


Experimental 

Calculated 

DifE. 

Dichloro-ethylene,  CMoCl^ 
Ethylene  perchloride,  CoCl^ 
Amylene,  ^i^w 
Allyl  alcohol,  CsH^O 
Ethyl  cinnamate,  C,,H,20a 

79-9 
115-4 
111-2-112-5 

74-6^ 
211-3 

K. 
K. 
B. 
B. 
K. 

78-6 
113-2 
110 

73-8 
207 

1-3 
5-2 
1-2-2-0 
0-8 
4-3 

Mean  . 

.  2-1 

Valerylene,  CjHg 
Diallyl,  C«H,o 

103-3-104-9 
126-7-127 

B. 
B. 

99 
121 

4-  3-5-9 

5-  7-6-0 

Mean  . 

.  5-5 

The  volume  of  all  these  substances  is  larger  than  the 
theory  demands,  and  the  increase  is  about  half  as  large  in 
the  first  five  substances,  in  each  of  which  double  hnking 
occurs  once,  as  in  the  case  of  the  two  latter,  where  double  link- 
ing occurs  twice.  The  larger  molecular  volume  is  apparently 
characteristic  of  the  double  linked  carbon  atoms  (=C  =  C=), 
but  the  question  requires  further  investigation."  Other  poly- 
valent elements,  such  as  nitrogen,'^  also  exhibit  similar  differ- 
ences in  then-  specific  volumes.  When  they  are  united  by 
more  than  one  affinity  to  one  and  the  same  atom  they  have  a 

'  H.  Kopp,  Ami.  Chem.  Pharm.  1855,  xcvi.  305-310. 

2  Ann.  Chem.  Pharm.  1886,  Suppl.  iv.  143 ;  Ber.  d.  deut.  cliem.  Ges.  1871, 647. 

3  Tollens  {Ann.  Chem.  Pharm.  1871,  clviii.  104)  found  73-9,  and  T.  E. 
Thorpe  [Chem.  Soc.  Jour.  1880,  208)  74-2.  Buff  (Ber.  d.  deut.  chem.  Ges.  1871, 
648)  obtained  72-3  for  allyl  alcohol  containing  moisture. 

*  The  subject  has  been  recently  investigated  by  Schiff,  who  confirms  Bull  s 
views,  but  finds  the  increase  for  every  double  linking  to  be  somewhat  larger 
than  2  '  Sui  volumi  molecolari  delle  sostanze  liquide,'  Accademui  dei  Lincei, 
[3]  1882,  xiii. ;  Lieb.  Ann.  1883,  ccxx.  71.  Further  the  molecular  volumes  of 
the  aromatic  compounds  have  been  found  to  be  smaller  than  required  by  theory, 
whilst,  according  to  Kekul6's  formula  for  benzene  (§  127),  they  should  be  some- 

what  greater. 

^  Ann.  Chem.  Pharm.  1856,  c.  19-38. 
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larger  volume  than  when  the  affinities  are  attached  to  different 
atoms.  That  the  same  atom  should  occupy  different  spaces 
in  different  compounds  is  easily  explained  by  the  assumption 
that  the  atoms  forming  the  molecule  do  not  completely  fill  the 
molecular  volume  with  their  mass,  but,  on  the  contrary,  as 
they  are  supposed  to  be  in  active  motion,  they  require  more 
space  than  they  would  actually  occupy  were  they  in  a  state 
of  rest.  The  atoms  are  not  in  a  state  of  rest,  but  each  atom 
moves  about  its  centre  of  equilibrium,  and  the  extent  of  its 
movements  increases  with  the  temperature.  When  an  atom 
is  combined  by  two  or  more  affinities  to  the  same  polyvalent 
atom,  it  probably  oscillates  between  the  two  or  more  points  of 
equilibrium,  to  which  each  of  these  affinities  attempts  to  attract 
it.  Consequently  it  requu-es  a  larger  space  for  its  movements 
than  if  it  oscillated  about  a  single  point  of  equilibrium, 
towards  which  the  united  forces  to  which  it  is  exposed  attempt 
to  attract  it.^ 

§  139.  The  position  of  a  monovalent  atom  also  appears 
to  exert  a  considerable  influence  on  the  molecular  volume. 
P.  D.  Brown  ^  has  compared  primary  and  secondary  propyl 
iodides,  CH3— CH^— CH2I  and  CH3— CHI— CH3,  at  tempera- 
tures at  which  their  vapours  exert  the  same  pressure,  and 
he  has  found  that  the  volume  of  the  secondary  iodide  always 
exceeds  that  of  the  primary  iodide  by  1-3  to  1*4  per  cent. 
At  the  temperature  of  the  boiling  point,  under  a  pressure  of 
160  mm.,  the  following  results  were  obtained  : 

Density  B.  Pt.  Vol. 

Primary    .    .    .    1-5867  102-6  107-1 

Secondary    .    .    1-5650  89-9  108-6 

The  molecular  volume,  calculated  by  Kopp's  law,  gives 
V  =  3  .  11  +  7  .  5-5  +  1  . 37-5  =  109-0.  T.  E.  Thorpe  ^  and 
H.  Schroder*  have  recently  made  analogous  observations. 
In  1867  Jungfleisch-5  observed  that  in  the  direct  substitution 

'  L.  Meyer,  '  Ueber  die  Molekularvolumina  chemischer  Verbindungen,'  Ann. 
Chem.  Pharm.  1867,  Suppl.  v.  143. 

'  Lond.  Boy.  Soc.  Proc.  1877,  xxvi.  238-247. 
'  Chem.  Soc.  Journ.  1880,  102,  141,  827. 
*  Ber.  d.  deut.  chem.  Ges.  1880,  1560. 

'  Jungfleisch,  Co7npt.  Rend.  1867,  Ixvi.  911.  Some  of  the  melting  points 
have  since  been  corrected. 
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of  chlorine  for  hydrogen  in  benzene,  the  first,  third,  and  fifth 
combining  chlorine  atoms  caused  a  much  greater  increase  in 
the  molecular  volumes  (determined  at  the  boiling  point)  than 
the  second,  fourth,  and  sixth.  The  difference  is  still  greater 
if  the  molecular  volumes  are  compared  at  the  melting  instead 
of  the  boiling  points.  According  to  G-.  Vollmar,^  the  substitu- 
tion products  of  ethane  exhibit  a  similar  behaviour.  The 
change  which  is  produced  in  the  molecular  volumes  (measured 
at  temperatures  at  which  the  vapour  pressures  are  equal)  by 
replacmg  H  by  CI  varies  according  as  the  substitution  is  in 
the  groups  — CH3,  — CHgCl,  or  — CHClg,  so  that  the  isomeric 
di-,  tri-,  and  tetra-chlorethanes  possess  different  molecular 
volumes.  Similar  observations  show  that  in  spite  of  the  large 
amount  of  material  which  has  been  collected,  chiefly  by  the 
extensive  researches  of  H.  Kopp,  our  knowledge  of  the  rela- 
tion between  molecular  volumes  and  atomic  linkmg  cannot 
by  any  means  be  regarded  as  complete.  At  the  time  when 
Kopp  conducted  his  researches  hardly  any  cases  of  isomerides 
possessing  very  similar  properties  were  known.  Nevertheless 
the  molecular  volume  already  forms  a  very  valuable  aid  m 
ascertaining  the  arrangement  of  the  atoms,  and  we  are  justi- 
fied in  believing  that  new  investigations  would  increase  its 
value  to  a  marked  extent. 

§  140.  The  atomic  Imking  of  those  isomeric  bodies  wliich 
obey  Kopp's  law,  and  possess  equal  molecular  volumes  at 
then-  boiling  pomts,  may  be  indirectly  deduced  from  then- 
specific  volume  or  their  density.  As  a  rule,  the  density  of 
these  bodies  varies  with  the  temperature  to  an  equal  extent,^ 
hence  a  comparison  made  at  a  temperature  below  their  boil- 
ing points  will  generally  show  that  the  higher  boiling  com- 
pound has  the  greater  density  and  the  smaller  molecular 
volume. 

BriihP  has  recently  drawn  special  attention  to  the  fact 
that  instead  of  using  the  boiling  points  as  a  means  of  distin- 

•  Inaug.  Diss.  Tubingen,  1882  ;  Ber.  d.  deut.  chem.  Ges.  1882,  xv.  2559. 

«  The  volume  at  0°  is  generally  taken  as  unity  for  the  coefficients  of  dilata- 
tion. In  this  case  isomerides  generally  appear  to  have  different  coefficients. 
But  there  is  no  difference  on  comparing  the  diminution  in  volume  which 
isomeric  bodies  undergo  on  cooling  through  the  same  number  of  degrees  from 
then-  boiUng  point.  "  Ann.  Chem.  Phaiin.  1880,  ccih.  269. 
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giiisliing  between  isomerides,  the .  densities  measured  at  the 
same  tcmperatm-e  may  be  employed.  Briihl  has,  however, 
found  one  exception  to  this  rule;  viz.  propyl  aldehyde,  boihng 
at  48°,  has  a  greater  density  at  20°  than  acetone,  which  boils 
at  56-5.1 

§  141.  It  is  not  only  in  the  case  of  the  carbon  compounds 
that  the  nature  of  the  atomic  linking  can  be  deduced  from  the 
specific  volumes,  although  this  relation  has  been  very  seldom 
used  in  the  case  of  inorganic  compounds.  H.  Schroder,^  in 
1840,  pointed  out  that  most  of  the  heavy  metals  and  semi- 
metals  increase  their  volumes  on  oxidation  in  proportion  to 
the  amount  of  oxygen  combined,  so  that  the  difference  in  the 
volume  occupied  by  the  metal  in  the  oxide  and  before  oxidation 
is  proportional  to  the  quantity  of  oxygen  combined. 

Let  V(Pb),  V(Hg),  V(Cu),  &c.,  represent  the  specific  or 
atomic  volumes  of  the  metals,  i.e.  the  space  occupied  by  the 
atomic  weights  Pb,  Hg,  Cu,  &c.,  and  let  V(PbO),  V(HgO), 
&c.,  represent  the  volumes  occupied  by  the  equivalent  weights 
of  the  oxides  PbO  and  HgO.  Taking  the  ordinary  units  in 
measuring  these  values,  then  we  obtain  their  numerical  values 
by  dividing  the  atomic  weights  of  the  metals,  or  equivalent 
weights  of  the  oxides,  by  their  densities ;  e.g.  the  specific 
volumes  of  lead  and  of  its  oxide  in  the  solid  state  are 

V(PbO)  =  ™  =  =  23-7 

a  9*4 

Assuming  that  the  volume  of  the  metal  remains  unaltered 
by  oxidation,  then  the  difference  between  the  two  volumes 
represents  the  volume  of  the  combined  oxygen 

Y(PbO)  -  V(Pb)  =  V(0)  =  5-6. 

The  truth  of  the  hypothesis  is  rendered  highly  probable 
by  the  following  facts  : 

By  applying  the  same  calculation  ^  to  the  oxygen  contained 

'  Loc.  cit.  275.  2  Pogg.  Ann.  1.  553, 

'  The  densities  required  in  these  calculations  are  taken  from  Kopp,  Ueber 
das  spec.  Gewicht  der  chem.  Verhindungen  (Frankfurt  a.  M.,  1841),  and  from 
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in  similar  oxides,  such  as  CuO,  CdO,  ZnO,  NiO,  HgO,  &c., 
nearly  the  same  value  for  V(0)  is  obtained,  and  also  in  the 
case  of  oxides  which  contain  more  than  one  atom  of  oxygen  to 
one  atom  of  metal. 

V(Fe)  =        =  7-2 

V(Fe,03)  =^  =  ^-^-^  =  30-4 

Y(Fe,0,)  -  2V(Fe)  =  3V(0)  =  30-4  -  14-4  =  16  ; 
therefore  V(0)  =  ^  =  5-3. 

Similar  results  are  obtained  for  C02O3,  Cv^O^,  Sb.^Og,  and 
other  sesquioxides.  These  relations  indicate  that  the  oxygen 
in  all  these  oxides  is  combined  in  the  same  way. 

This  rule  does  not  apply  to  the  specific  volumes  of  all 
oxides,  but  for  many  groups  another  rule  exists.  Many  metals 
experience  the  same  change  in  volume  on  oxidation,  irrespective 
of  the  amount  of  oxygen  combined.  Thus,  in  the  case  of 
copper, 

V(CuO)  =  ^  =  =  12-3 

V(C«,0)  =         =  =  24-8 

Eeducing  these  numbers  to  the  same  quantity  of  metal,  we 
obtain : 

VCCu^O)  -  Y{Cu,)  =  24-8  -  14-4  =  V(0)   =  10-4 
V(Cu,02)  -  Y{Gn,)  =  24-6  -  14-4  =  Y{0^)  =  10-2  =  2.5-1 

Two  atoms  of  oxygen  in  cupric  oxide  occupy  the  same 
volume  as  one  atom  in  cuprous  oxide.  The  same  is  true  of 
the  oxides  of  mercury  and  silver. 

Bodeker,  Die  Beziehungen  zwischen  DicMc  und  Zusammensetzung  beifesten  und 
liquiden  Stoffen  (Leipzig,  1860). 
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In  many  of  the  higher  oxides  the  difference  of  five  units  of 
vohime  is  produced  by  two  atoms  instead  of  by  one ;  e.g. 

V(SnO,)  -  V(Sn)  =  ''^  =  ^^^  21-6  -  16-1 

=  V(0,)  =  6-4. 

The  compounds  of  the  Hghter  metals  and  of  the  non-metallic 
elements  exhibit  quite  different  relations.  If  this  subject  of 
specific  volumes  was  investigated  afresh,  there  is  no  doubt 
that  it  would  permit  of  numerous  conclusions  being  drawn  as 
to  the  nature  of  the  atomic  linking  in  various  compounds. 

§  142.  Many  other  physical  properties  of  chemical  com- 
pounds also  depend  on  the  atomic  linking,  so  that  these 
properties  may  be  used  for  deducing  the  latter.  But  this  is 
not  true  of  all  physical  properties  ;  on  the  contrary,  they  may 
be  divided  into  two  sharply  defined  groups,  viz.  those  depend- 
ing solely  on  the  nature  of  the  atoms  of  which  the  compound 
is  composed,  and  those  which  depend  not  only  on  the  nature 
of  the  atoms  but  also  on  the  position  or  manner  in  which  the 
atoms  are  arranged.  ^  At  present  it  is  not  yet  possible  to 
arrange  aU  properties  into  these  two  groups.  The  refractive 
power  of  chemical  compounds  is  chiefly  dependent  on  the 
nature  of  the  atoms,  but  it  is  also  influenced  to  a  certain 
extent  by  the  atomic  linking.  It  has  been  already  men- 
tioned in  §  72  that  Landolt  and  Gladstone  ^  found  that  the 
refractive  power  of  certain  organic  compounds  cannot  be 
represented  by  the  sum  of  their  refraction  equivalents.  At 
the  suggestion  of  Landolt,  Briihl  ^  carefully  examined  a  large 
number  of  these  compounds,  and  found  that  the  refraction 
equivalent  of  the  polyvalent  atoms  depends  on  the  manner 
in  which  they  are  combined ;  the  refraction  equivalent  of  the 
monovalent  atoms  is  independent  of  their  arrangement.  If 
the  molecular  refraction  of  all  organic  compounds  could  be 

'  The  colours  of  compounds  appear  to  be  determined  by  the  nature  of 
certain  of  their  elementary  constituents  alone.  The  observations  of  Witt  {Ber. 
d.  deut.  chem.  Ges.  1876,  ix.  522),  of  Liebermann  (ibid.  1880,  xiii.  913),  and, 
amongst  others,  of  Kriiss  and  Oekonomides  (ibid.  1883,  xvi.  2051)  appear  to 
indicate  the  existence  amongst  organic  compounds  of  a  connection  between  the 
colour  and  atomic  linking. 

Landolt,  Pogg.  Ann.  1864,  cxxiii.  603  ;  Gladstone,  Ber.  d.  dcut.  cliem.  Ges. 
1870,  ccxlvii.  369.  '  Ann.  Chem.  Pharm.  1880,  cc.  139  ;  cciii.  1  and  255. 
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represented  as  the  sum  of  the  refraction  equivalents  of  the 
atoms,  then  a  difference  of  H2  in  the  composition  would  make 
a  difference  of  2Ef(H)  =  2  . 1-29  =  2-58  units  in  the  molecular 
refraction.  This  is  approximately  true  for  certain  classes  of 
bodies,  especially  for  alcohols,  aldehydes,  and  ketones,  con- 
taining the  same  number  of  carbon  atoms.  Let  A  be  Cauchy's 
constant  independent  of  wave  length,  and  D  the  density  at 
20°,  comp?»ed  with  water  at  4° ;  then  we  have  the  following 
differences  for  Hg : 


Difif. 

Ethyl  alcohol  .... 
Aldehyde   

C.,H„  0 
C'H^  0 

20-31 
18-17 

2-14 

Propyl  alcohol  .... 
Acetone   

CaHjO 
CsH^O 

28-00 
25-55 

2-45 

Norm,  butyl  alcohol . 
Norm,  butyl  aldehyde 

G,H,oO 
C,H,0 

35-45 
32-93 

2-52 

Methylhexyl  carbinol 
Methylhexyl  ketone 

C,H„0 

65-57 
63-29 

2-28 

and  similar  differences  for  analogous  compounds. 

But  the  foUowmg  bodies  exhibit  much  smaller  differences : 


I. 

II. 

m 

III. 

IV. 
Dift. 

V. 

2EfA 

VI. 
Diff.  ■ 

Propyl  alcohol . 
AUyl  alcohol  . 
Isopropyl  alcohol 

CjHgO 
C,H„0 
C3H3O 

28-00 
27-09 
27-99 

0-91 
0-90 

25-22 

1-87 

Propyl  aldehyde 
Acrolein  .... 
Acetone  .... 

CsH^O 
C3H,0 
OAO 

25-42 
25-31 
25-55 

0-11 
0-24 

22-64 

2-67 

Propyl  chloride 
AUyl  chloride  . 

C3H,  01 
C3H3  01 

33-36 
32-63 

0-73 

30-56 

2-07 

Propylethyl  ether  . 
Allylethyl  ether 

OjH.^O 
0,H,;0 

42-86 
42-20 

0-66 

40-10 

2-10 

Propyl  acetate . 
AUyl  acetate  . 

0,H,„0, 
CsHg  Oo 

43-11 
42-21 

0-90 

40-42 

1-79 

Amylene  .... 
Valerylene 

C5H3 

39-29 
38-65 

0-64 

37-40 
34-G2 

2-09 
403 
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Double  linking  of  the  carbon  atoms  is  exhibited  by  all  the 
compounds  which  contam  less  than  the  maximum  number  of 
monovalent  elements.  They  all  possess  molecular  refractions 
considerably  greater  than  the  sum  of  the  values  of  their  refrac- 
tion equivalents  as  given  m  §  72.  These  calculated  values 
are  contained  in  column  V.  of  the  above  table.  From  these 
and  simOar  observations  Briihl  arrived  at  the  conclusion  that 
the  double  linking  of  the  carbon  atom  mcreases  the  molecular 
refraction.  From  a  large  number  of  observations,  he  found 
the  mean  increase  to  be  two  units  for  each  pair  of  doubly 
linked  carbon  atoms.  The  above  table  shows  that  the  de- 
crease of  2-58  units  produced  by  the  loss  of  two  hydrogen 
atoms  is  counterbalanced  to  the  extent  of  four-fifths  by  the 
double  Hnking  of  the  carbon  atoms. 

The  conclusion  that  double  linking  was  the  cause  of  this 
difference  would  be  open  to  doubt  if  the  observation  had  only 
been  made  in  the  case  of  allyl  compounds.  But  amylene 
CgHjo,  belonging  to  the  series  C„H2,„  which  requires  two  more 
hydrogen  atoms  in  order  to  convert  it  into  a  saturated  com- 
pound, also  exhibits  the  same  increase,  and  valerylene  and 
diaUyl,  of  the  type  C„H2,i_2,  which  require  four  atoms  of 
hydrogen  for  conversion  into  saturated  compounds,  and  in 
which,  therefore,  double  linking  occurs  twice,  exhibit  double 
this  difference,  viz.  four  units. 

A  superficial  observation  might  lead  to  the  conclusion 
that  the  refractive  j)ower  of  benzene  and  its  homologues  of 
the  type  C„H2„_6,  which  are  relatively  four  atoms  poorer  in 
hydrogen  than  diallyl,  and  which  require  eight  atoms  of  hydro- 
gen for  saturation,  would  exceed  the  calculated  value  by  eight 
units.    This  is,  however,  not  the  case. 


II. 

lit. 

IV. 

V. 

I. 

m 

2RfA 

Diallyl  . 

C,iH,„ 

45-99 

42-06 

3-93 

Benzene 

CiiH„ 

42-16 

39-90 

5-26 

Toluene . 

C.Hg 

50-06 

44-34 

5-72 

Mesitylene 

C,|H,2 

65-22 

59-22 

6-00 
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The  optical  behaviour  of  the  hydrocarbons  C„H2„..e 
indicates  three,  and  not  four,  double  linkings.  This  is  an 
excellent  confirmation  of  Kekule's  hypothesis  (§  127)  on  the 
atomic  linking  of  benzene  and  its  derivatives.  The  seventh 
and  eighth  affinities,  which  are  not  absolutely  required  to 
mamtain  the  coherence  of  the  chain,  serve  to  close  the  ring ; 
thus  only  three  double  linkings  can  exist.^ 

After  Briihl  had  observed  similar  behaviour  in  numerous 
examples  of  aromatic  compounds,  he  investigated  the  influence 
of  the  single  and  double  linking  of  oxygen  to  carbon  on  the  mole- 
cular refraction.    After  comparing  large  series  of  compounds 

I 

containing  the  groups  =C  =  0  and  — C— 0— ,  he  arrived  at 

the  conclusion  that  the  double  Imking  of  oxygen  causes  a 
small  increase  in  the  molecular  refraction,  but  that  the  in- 
fluence of  monovalent  elements  remains  the  same  under  all 
circumstances.^  If  the  atoms  singly  linked  are  denoted  as 
Briihl  suggests  by  0'  and  C,  and  the  atoms  united  to  carbon 
by  double  Imking  are  represented  by  0''  and  C",  the  following 
values  are  obtained  for  the  refraction  equivalents  of  these 
elements,  and  must  be  substituted  for  those  in  §  72. 


Element. 

KfA. 

Ela. 

0' 

2-71 

2-8 

0"  . 

3-29 

3-4 

S'     .  •  . 

.  13-53 

.  14-10 

S"  . 

.  16-09 

;       .  15-61 

c 

4-86 

5-06 

C"  . 

5-86 

6-075 

(G  =  C)  . 

.  11-72 

.  12-15 

(0  =  0)  . 

8-15 

8-46 

(CH,)  .  . 

7-44 

7-60 

Since  the  value  of  the  refraction  equivalent  is  increased  by 
two  for  each  pair  of  double  linked  atoms  and  by  0*58  by  the 
double  Imking  of  0  to  C,  the  molecular  refraction  of  ethyl- 
hydrocinnamate,  C,H  — CH^-CH -CO-O-CH.-CHg  = 
C„H,A>  is  83-52. 

'  See  §  143. 

2  Nasini  has  shown  that  the  refractive  power  of  sulphur  is  similarly  affected 
{Ber.  d.  deut.  chcm.  Gas.  1882,  xv.  2878). 
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The  calculated  value  is 
A— 1 

-^il[l  =  11.4-86  + 14.1-29  +  2.  2-71  +  3.2-00+  0-58  =  83-52 
or        =  3.11-72  +  8-15  +  4.7-44  +  2-71  +  6.1-29  =  83-52. 

Briihl  has  shown  that  the  two  different  refraction  equiva- 
lents of  oxygen  can  be  of  service  in  determining  atomic  linking ; 
take  the  case  of  paraldehyde  as  an  example. 

If  three  molecules  of  aldehyde  CJI^O,  on  polymerisation, 
simply  unite  together  formmg  GJI^^O^,  then  the  molecular  re- 
fraction of  paraldehyde  would  be  three  times  that  of  aldehyde, 
viz.  3  X  18-15  =  54-54  if  we  take  the  observed  values  for 
aldehyde,  or  3  x  18-17  =  54-51  if  we  take  the  calculated  ;  but 
in  reality  a  much  smaller  value  is  obtained  : 

^  •  m  =  52-48. 

The  same  result  is  obtained  if  Ef  (0)  =  2*71  is  used  in- 
stead of  Ei  (0)  =  3-29  in  the  calculation. 
A  -  1 


D 


M  =  Q  -  4-86  +  12  .  1-29  +  3  X  2-71  =  52-77. 


This  confirms  the  accuracy  of  the  views  held  by  Erlen- 
meyer,!  and  by  Kekule  and  Zincke,^  that  the  three  aldehyde 
molecules  in  paraldehyde  are  linked  together  by  their  oxygen 
atoms  forming  a  ring, 

CH3— CH  —  0  —  CH— CH3 

\  y 
0  0 

\  y 

HC— CH3 

The  propargyl  compounds,  in  which  the  radical  propargyl 
with  a  treble  carbon  linking, 

C3H3  =  H— C  =  c—m—*, 

was  formerly  supposed  to  exist,  exhibit  a  pecuHar  behaviour. 

The  foUowmg  table  shows  that  the  values  for  the  refractive 
power  of  these  compounds  do  not  exhibit  a  greater  deviation 

'  Lehrbuch  der  org.  Chem.  1868,  p.  307. 
2  Ber.  d.  deut.  chem.  Ges.  1870,  471. 


272 


MODERN  THEORIES  OF  CHEMISTRY 


than  the  allyl  compounds  do  from  the  values  m  column  V., 
which  are  calculated  without  assuming  the  existence  of  double 
linking. 


I. 

n. 

ni. 

IV. 
Diff. 

V. 

2B/A 

VI. 
Diff. 

Propyl  alcohol 
Allyl  alcohol 
Propargyl  alcohol  . 

GaHgO 
C3H„0 
C3H,  0 

28-00 
27-09 
24-01 

0-91 
3-08 

27-61 
25-03 
22-45 

0-  39 
206 

1-  56 

Propylethyl  ether  . 
Allylethyl  ether  . 
Propargylethyl 
ether. 

C,H,.,0 
C,H,;0 
C,Hs0 

42-86 
42-20 
39-50 

0-66 
2.70 

42-49 
39-91 
37-33 

0-40 
2-29 
2-23 

Propyl  acetate 
Allyl  acetate  . 
Propargyl  acetate  . 

OsHioOj 
C,H,0, 
C,H«0., 

43-11 
42-21 
39-71 

0-90 
2-50 

43-20 
40-62 
38-04 

-0-09 
1-59 
1-67 

CH— 0-CH,-CH, 


Propargylethyl  ether. 


From  these  results  Briihl  concludes  that  there  is  only  one 
double  Unking  m  the  propargyl  compounds. 

HC\  HC\ 

Propargyl  alcohol. 

HC\ 

jjiij^CH— O-CO-CH3 

Propargyl  acetate. 

The  objection  to  this  view  is  that  the  strong  resemblance 
in  the  properties  of  the  propargyl  compounds  and  those  of 
acetylene  can  no  longer  be  represented  by  analogous  formulje, 
unless  the  existence  of  two  free  affinities  in  acetylene  instead 
of  a  treble  carbon  linking  is  assumed,  thus  ; 


*::c.::c::^  ^^^^^^  ^f  h-c = c-h 

§  143.  In  many  cases,  conclusions  may  be  drawn  regard- 
ing the  atomic  linking  fit'om  the  thermal  phenomena  which 
accompany  the  formation  and  decomposition  of  compounds. 
Eecently  Juhus  Thomsen  '  has  made  the  important  discovery 
that  single  and  double  linking  of  the  carbon  atoms  may  be 

'  Ber  d.  deut.  chem.  Ges.  1880,  1321,  1328,  1806  and  1810 ;  Licbig's 
Annalen,  1880,  ccv.  133. 
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distinguished  by  means  of  the  heat  of  combustion  of  the 
hydrocarbons.  Thomson's  investigations  confirm  the  gene- 
rally accepted  formulee  for 

CH,  H3C-CH3  H3C— CH— CH3 

Methane.  Ethane.  Propane. 

HC  =  CI-I  H,C  =  CH,  H,C  =  CH-CH3 

Acetylene.  Ethylene.  Propylene. 

But  they  lead  to  the  conclusion  that  benzene,  CJI^.,  is  held 
together  by  nine  simple  Hnkmgs  and  not  by  three  double  and 
three  single  linkmgs,  as  is  assumed  to  be  the  case  in  Kekule's 
hypothesis. 

Briihl's  optical  researches  confirm  Kekule's  formula  > 
(§  127)  No.  I.,  but  Thomsen's  results  are  m  favour  of  formulte 
IV,  or  V.  This  contradiction  can  only  be  explained  by  renewed 
investigation  in  each  subject. 

Capacity  for  heat  belongs  to  the  group  of  properties  which 
depend  chiefly  on  the  nature  of  the  atoms ;  it  is  however  also 
influenced  by  the  atomic  linking,  inasmuch  as  this  deter- 
mmes  the  state  of  aggregation  and  other  properties  of  the 
substance.2  The  latent  heat  of  vaporisation  and  the  latent 
heat  of  fusion  ^  (which  are  closely  aUied  to  the  specific  heat) 
and  many  other  physical  properties  depend  not  only  on  the 
nature  of  the  atoms  but  also  on  their  arrangement.  Our 
knowledge  of  these  relations  is  only  in  the  first  stage  of  its 
development.  But  it  is  probable  that  the  present  incomplete 
knowledge  of  the  connection  between  the  composition  of  com- 
pomids  and  their  physical  and  chemical  properties  will  rapidly 
increase  and  develop,  forming  a  special  department  having 
for  its  aim  the  representation  of  the  properties  of  chemical 
compounds  as  functions  of  the  mode  of  combmation  and  of  the 
nature  of  the  atoms  contained  in  them. 

A  general  investigation  of  the  mutual  relations  between 
composition  and  properties  will  correct  and  strengthen  our  in- 
sight into  the  laws  of  atomic  linking  and  will  rapidly  bring  us 
nearer  to  the  goal  which  a  few  years  ago  many  chemists  had 
declared  to  be  unattainable. 

'  See  §  142.  =  A.  v.  Eeiss,  Wied.  Ann.  1881,  xiii.  477, 

"  Person,  Ann.  Chim.  Phys.  [3]  xxi.  24,  27. 
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The  investigation  of  the  relation  of  the  atoms  to  one 
another  is  a  difficult  problem,  and  one  which  requires  great 
caution.  In  its  solution  we  shall  encounter  and  have  to  cor- 
rect many  errors  ;  but  although  we  have  only  reached  the  very 
commencement,  we  can  clearly  perceive  that  the  problem  is 
one  which  will  not  surpass  human  powers. 
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VIII. 

MOLECVLAB  WEIGHT  AND  ATOMIC  LINKING  OF  BODIES, 
TO  WHICH  AVOGADBO'S  HYPOTHESIS  CANNOT 
BE  APPLIED. 

§  144.  The  preceding  speculations  on  atomic  linking 
depend  on  the  supposition  that  the  molecular  weights  of  the 
compounds  as  well  as  the  atomic  weights  of  their  constituents 
are  known.  But  at  present  this  condition  is  only  fulfihed  by  a 
small  number  of  the  chemical  compounds  which  have  been 
prepared  and  investigated.  Avogadro's  rule  for  determining 
the  molecular  weight  cannot  be  apphed  to  the  large  majority 
of  compounds,  since  they  either  do  not  volatilize  without 
decomposition,  or  they  only  volatilize  at  temperatures  which 
are  too  high  to  permit  of  the  determmation  of  then-  density  in 
the  state  of  vapour  or  gas. 

The  difficulty  of  solving  the  problem  of  the  constitution  of 
these  compounds  is  greatly  increased  by  this  deficiency,  and 
consequently  our  knowledge  of  the  constitution  of  these  bodies 
suffers  perceptibly.  There  is  a  tendency  to  apply  the  laws 
which  have  been  discovered  in  the  investigation  of  gaseous 
bodies  to  non-gaseous  substances,  and  this  is  permissible  to  a 
certain  extent,  but  the  apphcation  of  rules  which  are  vaUd  for 
gases  and  vapours  to  Hquids  and  solids  has  already  led  to 
mistakes  in  more  than  one  mstance,  and  therefore  great 
caution  is  necessary  in  order  to  avoid  such  errors.  The 
attempt  was  first  made  by  Avogadro,  who  arbitrarily  assumed 
the  molecular  weights  of  non-gaseous  bodies  and  attempted 
to  deduce  the  atomic  weights  of  non-volatile  elements  from 
these  molecular  weights.  The  assumptions  he  made  and  the 
deductions  he  drew  from  them  were  unfortunate.  When 
they  were  afterwards  shown  to  be  incorrect  they  brought 

T  2 
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discredit  on  his  views,  otiier-wise  correct.  Gerhardt  was 
scarcely  raore  successful.  He  introduced  Avogadro's  hypo- 
thesis into  his  system,  thus  giving  it  again  its  due  position. 
He  also  deduced  from  the  molecular  weights  of  gases  and 
vapours  the  molecular  weights  of  their  non-volatile  com- 
pounds, and  from  these,  again,  atomic  weights,  especially  in 
case  of  the  metals ;  and  obtained  thus  atomic  weights  which 
were  generally  incorrect.  At  the  present  time  it  is  a  common 
error  to  apply  without  due  consideration  laws  which  are  valid 
for  the  gases  to  non-gaseous  bodies ;  it  is  not,  however,  the 
atomic  weights  alone  which  are  incorrectly  determined  m  this 
way,  but  the  power  of  saturation  of  the  atoms  is  frequently 
deduced  from  arbitrarily  chosen  molecular  weighis  by  applying 
principles  which  can  only  be  applied  to  molecular  weights 
which  have  been  actually  determined.  .  Since  the  discussion 
on  molecular  weights  ceased,  a  bad  habit  has  crept  into  the 
textbooks  of  omitting  the  statement  of  the  vapour  density, 
so  that  the  reader  no  longer  knows  whether  the  molecular 
weight  which  is  accepted  by  the  author  is  hypothetical  or 
whether  it  has  been  determined  experimentally.  In  this  way 
hypotheses  acquire  the  appearance  of  facts. 

§  145.  The  difference  between  the  gaseous  state  and  the 
other  states  of  aggregation  is  too  great  to  allow  rules  which  are 
valid  in  the  case  of  the  former  to  be  applied  without  further 
ceremony  to  the  latter. 

With  the  exception  of  the  molecular  weight  or  total  mass 
of  the  molecule,  no  other  quantity  depending  on  the  nature  of 
the  molecule  has,  as  a  rule,  any  influence  on  the  physical  pro- 
perties of  the  gases.  The  physical  phenomena  which  are 
exhibited  by  gaseous  bodies  appear  to  depend  chiefly  and  essen- 
tially on  the  rectilinear  progressive  motion  of  the  molecule, 
on  which  the  peculiarity  of  the  gaseous  state  of  aggregation 
also  depends.  This  rectilinear  motion  is  determined  not 
only  by  the  temperature  but  also  by  the  mass  of  the  mole- 
cules. 

It  has  already  been  stated  (§§  13,  14,  15)  that  the  square 
of  the  velocity  of  this  motion  is  proportional  to  the  absolute 
temperature  and  inversely  proportional  to  the  molecu  ar 
weight ;  for  equal  temperatures,  the  velocities  of  the  molecules 
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of  two  gases  are  inversely  as  the  square  roots  of  their  densities. 
The  constitution  and  the  material  nature  of  the  molecules 
only  exert  a  subordmate  influence  on  the  motion  of  the  mole- 
cules and  on  the  visible  properties  of  gases. 

The  vapour  pressure  undoubtedly  depends  on  the  mutual 
attraction  of  the  molecules,  on  their  nature,  their  internal 
forces,  and,  consequently,  on  the  arrangement  of  the  atoms 
contained  in  them.  The  latter  especially  affects  the  chemical 
changes,  the  decomposition,  and  the  formation  of  the  mole- 
cules. These  are  therefore  the  only  properties  which  can 
yield  information  concerning  the  nature  of  the  atomic  linking 
in  the  molecules  of  gases. 

The  case  is  different  for  liquid  and  solid  bodies.  Here  the 
external  physical  properties  depend  essentially  on  the  nature 
of  the  atomic  linking  m  the  molecules.  Although  our  know- 
ledge of  this  relation  has  scarcely  passed  the  first  stage  of  its 
commencement,  we  are  however  acquainted  with  a  whole  series 
of  properties  which  enable  us  to  arrive  at  conclusions  regarding 
atomic  hnking  ;  the  present  views  on  the  constitution  of  many 
bodies  have  indeed  to  a  great  extent  been  derived  from  their 
properties  in  the  liquid  or  sohd  state. 

This  wide  difference  between  the  different  states  of  aggre- 
gation appears  to  be  chiefly  due  to  the  fact  that  in  the  mass 
of  a  gas  or  vapour  which  is  diffused  through  a  relatively  large 
space,  the  particles  are  on  an  average  so  far  apart  that  they 
cease  to  exert  any  action  on  each  other,  whilst  in  both  the 
other  states  of  aggregation  each  particle  is  so  close  to  its 
neighbours,  that  they  act  energetically  on  each  other.  The 
effect  of  the  mutual  attractions  is  visible  in  cohesion,  crystalh- 
sation,  and  other  phenomena.  Since  it  is  obvious  that  these 
actions  take  place  beyond  the  lunits  of  the  molecule,  it  is  clear 
that  we  are  not  justified  in  regarding  without  further  question 
each  of  these  effects  as  solely  and  entirely  due  to  the  same 
causes  by  which  the  coherence  of  the  molecule  in  the  gaseous 
state  is  produced.  On  the  other  hand,  there  is  no  reason  for 
assuming  that  the  forces  which  maintain  the  internal  coherence 
of  the  molecule  in  the  gaseous  state,  should  cease  to  be  effec- 
tive in  the  other  states  of  aggregation.  It  is  only  probable  in 
this  case  that  other  molecular  forces  are  also  present.  How 
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far  their  assumption  is  necessary  can  only  be  decided  by 
a  theory  which  advances  abreast  with  experimental  observa- 
tion. 

§  146.  In  determining  the  constitution  of  those  bodies 
which  can  exist  in  the  state  of  gas  or  vapour,  we  start  from 
the  small  unit  of  mass  called  a  molecule.  The  question  arises 
whether  the  supposition  of  discrete  particles  of  matter  com- 
posed of  a  definite  number  of  atoms  is  necessary  or  even  per- 
missible for  the  liquid  or  solid  state. 

The  reasons  arising  from  chemical  and  physical  observa- 
tions which  require  the  discontinuity  of  matter  hold  good  for 
all  three  states  of  aggregation.    In  each  of  these  states  the 
mass  of  the  chemical  elements  and  compounds  must  be  re- 
garded as  composed  of  particles  of  matter  which  are  separated 
from  each  other  by  inter venmg  spaces.    These  particles  of 
matter  are  not  atoms ;  at  least,  not  m  all  cases,  since  it  is  not 
merely  the  number  and  nature  of  the  atoms  in  the  composi- 
tion of  a  substance,  but  also  the  manner  in  which  the  atoms 
are  united  together,  which  is  characteristic  of  the  different 
bodies.    If  this  were  not  the  case,  isomerides— i.e.  combina- 
tions of  the  same  constituents  arranged  dissimilarly— could 
not  exist  and  preserve  their  pecuhar  properties  in  the  changes 
through  the  different  states  of  aggregation.    That  this  really 
is  the  case  compels  us  to  assume  that  certain  groups  of  atoms 
or  molecules,  which  are  characteristic  of  the  nature  of  the 
substance,  also  exist  in  the  liquid  and  soHd  state.    In  liquids 
these  molecules  move  about  with  a  certam  amount  of  freedom, 
whilst  in  solids  they  occupy  certain  mutual  pomts  of  equili- 
brium, about  which  only  a  limited  movement  is  possible.  In 
the  liquid  state  the  molecule  can  be  defined  as  that  system 
whose  particles  remain  connected  durmg  the  internal  move- 
ments of  the  hquid,  such  as  those  taking  place  during  diffusion 
and  transpiration. 

This  sharp  characteristic  is  wanting  in  the  sohd  state,  and 
the  supposition  of  definite  isolated  particles  of  matter  only 
appears  to  be  justified  if  certain  groups  of  atoms  separate 
themselves  from  the  rest,  either  by  a  greater  distance  or  by 
undergoing  a  common  movement.  It  is  very  clear  that  m 
such  an  arrangement  of  the  atoms  of  the  four  elements, 
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A,  B,  C,  D,  as  the  following,  molecules  could  not  be  fairly 
assumed  to  exist : — 

ABCDABCDABCD.... 
CDABCDABCDAB.... 
ABCDABCDABCD.... 
CDABCDABCDAB.... 
But  the  mass  may  fairly  be  said  to  consist  of  molecules  of 
AB 

the  composition  in  an  arrangement  similar  to  the  fol- 
lowing : 


AB 

AB 

AB 

AB 

CD 

CD 

CD 

CD 

AB 

AB 

AB 

AB 

CD 

CD 

CD 

CD 

Wliich  of  these  schemes  most  correctly  represents  the 
majority  of  existing  solid  bodies  cannot  be  immediately 
decided.  Probably  the  latter,  as  many  physical  phenomena 
apj)ear  to  indicate  that  most  solid  bodies  contain  empty  spaces 
between  their  particles.  The  spaces  are  very  large  in  com- 
parison with  that  which  the  material  particles  really  occupy, 
and  it  is  not  probable  that  there  are  large  spaces  between  the 
atoms  united  together  by  chemical  affinity.  It  may  there- 
fore be  assumed  that  the  atoms  are  not  uniformly  dispersed 
through  the  entire  space,  but  that  they  are  united  to  mole- 
cules, and  these  molecules  are  separated  from  each  other  by 
larger  spaces.  If  speculations  of  this  nature  lead  us  to  regard 
chemical  substances  in  each  of  the  three  states  of  aggregation 
as  composed  of  molecules,  we  must  not  forget  that  this  hypo- 
thesis is  scarcely  so  firmly  founded  in  the  case  of  liquids,  and 
certainly  not  in  the  case  of  solids,  as  it  is  for  gaseous  bodies. 
At  present,  at  least,  the  notion  of  the  molecule  cannot  be  as 
sharply  defined  for  the  liquid  and  sohd  state  as  it  can  be  for 
the  gaseous  state  by  the  aid  of  Avogadro's  hypothesis. 

§  147.  The  molecular  weights  of  a  certain  substance  need 
not  be  the  same  in  different  states  of  aggregation.  It  is  not 
even  probable  that  this  is  the  case.  On  the  contrary,  a  large 
number  of  observations  indicate  that  substances  in  the  gaseous 
state  frequently  possess  molecules  having  a  different  composi- 
tion from  those  in  the  liquid  or  solid  state. 
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It  has  already  been  mentioned,  in  §§  18,  25,  33,  and  else- 
where,' that  many  substances,  in  the  state  of  gas  or  vapour, 
exhibit  two  different  molecular  weights,  according  to  the  tem- 
perature—e.^.  for  sulphur,  Sg  and  Sj ;  for  nitrogen  peroxide, 
N2O4  and  NO2 ;  for  ozone,  probably  O3 ;  for  ordinary  oxygen, 
0„.  The  larger  molecular  weight  always  corresponds  to  the 
lower  temperature,  and  can  be  changed  to  the  smaller  by 
raising  the  temperature. 

This  change  is  often  to  be  observed  by  the  eye  in  the  ex- 
ternal properties  ;  in  nitrogen  peroxide,  for  example,  by  the 
dark  red  colour  the  vapour  assumes  when  the  molecules  NgO.^ 
split  up  into  two  new  molecules,  NO^.  As  this  splitting  up  is 
accompanied  by  a  change  of  properties,  it  must  be  regarded  as 
the  conversion  of  the  substance  into  an  allotropic  modification 
with  a  smaller  molecular  weight,  or,  in  other  words,  the 
compound  whose  molecules  are  represented  by  N.p^  is  not 
identical  but  polymeric  with  that  whose  molecules  are  repre- 
sented by  the  formula  NOg. 

Among  Hquid  and  solid  bodies  cases  also  occur  in  which  a 
rise  in  temperature  changes  one  modification  of  the  substance 
into  another  without  altering  its  composition— e.(y.  red  phos- 
phorus into  colourless,  metaldehyde  and  even  paraldehyde  (m 
presence  of  a  small  quantity  of  sulphuric  acid)  into  ordinary 
aldehyde,  solid  chloral  into  liquid,  cyanuric  acid  into  cyanic, 
&c.  In  many  cases  a  determination  of  the  vapour  density 
proves  that  the  molecular  weight  is  changed.  For  example, 
the  molecular  weight  of  paraldehyde,  C,B.,^0„  is  three  times 
that  of  aldehyde,  C2H4O.  In  other  cases  a  similar  change  is 
probable,  although  it  cannot  be  proved  by  Avogadro's  law. 

Hence  it  follows  that  we  are  not  justified  without  further 
consideration  in  regarding  the  molecular  weight  determined 
for  a  substance  in  the  gaseous  state,  as  vaHd  for  the  same 
substance  m  the  Hquid  or  soUd  state.  But,  so  far  as  om- 
experience  goes,  the  molecular  weight  in  the  liquid  and  solid 
states  is  never  smaller,  but  may  be  many  times  larger,  than 
in  the  gaseous  state.  Several  molecules  may  unite  to  form  a 
single  molecule  when  a  gas  or  vapour  condenses  ;  but  no  case 
has  been  observed  where  one  molecule  splits  up  into  two  or 

'  These  cases  wiU  be  fl,gam  referred  to  in  Part  iii. 
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three.  Such  a  decomposition  frequently  occurs  when  an 
increase  in  temperature  transforms  a  Hquid  or  soHd  to  the 
gaseous  state. 

§  148.  The  methods  for  determining  the  molecular  weight 
in  the  liquid  or  solid  state  are  at  present  undeveloped.  There 
appears  to  be  no  doubt  that  the  determination  is  possible, 
but  scarcely  any  thorough  attempt  has  been  made  to  carry  it 
out. 

In  the  case  of  those  bodies  the  molecular  weights  of  which 
have  been  determined  for  the  gaseous  state,  it  is  customary 
to  regard  these  values  as  valid  for  each  of  the  other  states  of 
aggregation.  By  this  means  too  high  a  value  is  avoided ;  but 
in  many  cases  the  accepted  number  is  too  small,  and  only 
represents  a  fraction  of  the  real  molecular  weight. 

Another  custom,  which  is  even  more  arbitrary  and  less 
justifiable,  is  to  deduce  from  the  molecular  weight  of  a  com- 
poimd  determined  in  the  gaseous  state  the  molecular  weight 
of  a  second  compound,  which  is  derived  from  or  can  be  con- 
verted into  the  first  compound,  by  replacing  one  or  more  of  its 
atoms  or  radicals  by  others.  The  molecular  weight  given  to  the 
second  compound  is  made  to  correspond  as  closely  as  possible 
to  that  of  the  first.  The  new  atoms  or  radicals  take  the 
position  which  was  occupied  by  the  atoms  they  have  replaced. 
In  this  way  the  molecular  weights  of  the  salts  of  an  acid  are 
deduced  from  the  known  molecular  weight  of  the  acid,  and  the 
molecular  weights  of  non-volatile  acids  from  their  volatile 
ethereal  salts.  For  according  to  our  present  views  (which  are 
somewhat  different  from  the  duahstic  ideas)  salts  are  formed 
from  acids  by  the  replacement  of  their  so-called  'basic' 
or  I  typical '  hydrogen  by  atoms  of  metals  or  by  compound 
radicals. 

Thus,  fi-om  the  molecular  weight  of  hydrochloric  acid, 
which  is  represented  by  HCl,  the  molecular  weights  of  its  salts 
are  deduced ;  e.g. 


From  the  molecular  weight  of  acetic  acid,  C^R^O^,  the 
molecular  weights  of  the  corresponding  acetates  follow ;  l.g. 


NaCl, 


KCl, 


AgCl,  &c. 


NaC,H30„ 


KC,H30„ 


AgC^HgO^,  &c. 
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The  molecular  weights  of  boric,  oxalic,  and  silicic  acids 
cannot  be  determined  by  Avogadro's  rule,  but  the  vapour 
densities  of  their  ethereal  salts  have  been  found  to  be  5-14,  5-1, 
and  7'23,  corresponding  to  the  molecular  weights,  B03(C2Hg)3 
=  r45-7,  CACCaH,)^  =  145-7,  SiO^CC.H,),  =  207-6. 

By  substituting  an  atom  of  hydrogen  for  each  ethyl  radical, 
the  molecular  weights  generally  accepted  for  the  acids  are 
obtained,  thus ; 

BO3H3  =  61-9,       CAHo  =  89-8,       SiO.H,  =  95-8. 

If  the  hydrogen  of  an  acid  is  not,  as  in  these  cases, 
replaced  by  monovalent,  but  by  polyvalent,  atoms  or  radicals, 
then  it  is  assumed  that  several  molecules  are  Imked  together 
to  form  a  single  molecule,  a  by  no  means  unfrequent  occur- 
rence with  gaseous  compomids. 

Thus  2HC1      forms  CaCl^,  ZnCl^, 

2C,H,02  forms  C&{C,,IL.,0,,),,  Zn(C2H302)2,  &c. 

If  the  acid  molecule  contains  more  than  one  replaceable 
atom  of  hydrogen,  doubt  may  arise  when  these  are  saturated 
by  polyvalent  metals.  Thus  the  molecular  weight  of  anhy- 
drous calcium  oxalate  may  be  represented  by 

CACa,orCA(cal^A  =  (C.A)2Ca,, 

or  by         I  I  =  (C204)3Ca3, 

Ca— C2O4— Ca 

according  as  we  consider  the  atoms  of  hydrogen  replaced  by 
the  divalent  calcium  atom  to  belong  to  one  or  to  two  different 
molecules. 

§  149.  An  acquaintance  with  the  atomic  weights  of  the 
elements  and  with  their  power  of  saturation  is  necessary  in 
speculations  of  this  kind.  In  the  preceding  paragraphs  it  is 
assumed  that  the  molecular  weight  of  one  of  the  compounds 
related  to  the  substance  in  question  is  known.  In  many 
cases,  however,  this  is  not  requisite,  if  the  laws  which  hold 
good  for  molecules  of  gaseous  bodies  are  directly  applied  to 
liquid  and  solid  bodies. 
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Assuming  the  validity  of  these  laws  in  each  of  the  states 
of  aggregation,  the  molecular  weight  of  many  compounds  can 
be  determined  by  applying  the  rules  laid  down  in  §§  100-103, 
especially  by  the  rule  that  the  number  of  monovalent  atoms 
contained  in  a  molecule  cannot  be  greater  than  =  +  2^^ 
+  3/t5  +  4»y  +  2,  where  w,,  n^,  &c.,  have  the  values  assigned 
to  them  in  §  103.  It  is  very  difficult  to  decide  whether  the 
indispensable  condition,  in  applying  this  rule — viz.  that  not 
only  the  quantitative  composition  of  the  given  compound 
should  be  known,  but  also  the  capacity  of  saturation  of  all  the 
atoms  contained  in  it — is  fulfilled  or  not  in  a  given  case.  It 
is  uncertam  whether  the  valency  of  the  given  element  in  the 
gaseous  state,  which  can  be  determined  without  any  special 
difficulty  when  a  large  number  of  its  gaseous  compounds  are 
known,  remains  unchanged  m  the  other  states  of  aggre- 
gation. We  shall  see  that  this  must  be  left  an  open  ques- 
tion in  the  case  of  many  elements,  whilst  other  elements 
appear  to  have  the  same  valency  in  the  several  different  states 
of  aggregation. 

§  150.  Assuming  that  the  powers  of  saturation  are  given, 
then,  for  compounds  composed  entirely  of  monovalent  elements. 
Tig  =  0,  =  0,  %g  =  0,  ?Iq  =  0 ;  therefore,  =  2,  or  the  mole- 
cule of  this  compound  can  only  contain  two  atoms.  According 
to  this  rule  the  molecular  formulse  for  the  following  compounds 
will  be 

KCl         NaCl      LiCl      AgCl    AgAg  NaNa 

Potassium        Sodium       Lithium       Silver       Silver.  Sodium, 
chloride.        chloride.      chloride,  chloride. 

The  only  possible  objection  to  these  formulae  is  that  the 
elements  contained  in  these  compounds  are  only  apparently 
and  not  really  monovalent.  This  question  is  discussed  in  the 
following  pages.  It  is  also  possible,  in  the  case  of  the  metals, 
that  their  molecules  consist  of  a  single  atom,  like  the  molecule 
of  mercm'y  vapour. 

For  compounds  of  di-  and  mono-valent  elements,  Wg  =  o, 
w,  =  0,  rir,  =  0,  n^  =  o;  therefore,  w,  =  2.  The  maximum 
value  of  the  molecular  weight  is  therefore  represented  by  that 
analytical  quantity  which  contains  only  two  monovalent  atoms. 


284 


MODERN  THEORIES  OF  CHEMISTRY 


On  the  assumption  that  CI  and  I  are  monovalent,  and 
S  and  Se  divalent,  we  have  molecular  weights  represented  by 
the  following  formulae : 


Chloric  acid,  HCIO3. 
Sulphuric  acid,  HjSO,,. 
Acid    potassium  sulphate, 


HKSO4. 


Neutral  potassium  sulphate, 
Pyrosulphuric  acid,  HgSjO^. 


Iodic  anhydride,  IgOg. 
Selenious  acid,  HgSeOy. 
Acid    potassium  sulphite, 

HKSO3. 
Sodium  selenite,  NagSeOg. 
Potassium  chlorosulphonate, 

KSO3CI. 


For  compounds  of  mono-,  di-,  and  tri-valent  elements,  the 
maximum  value  is  given  by  the  equation  w,  =  +  2.  Hence 
we  have  the  following  molecular  formulae  : 


Dihydric    potassium  phos- 
phate, KH2PO4. 
Silver  arsenate,  Ag3As04. 


Boric  acid,  H3BO3. 
Phosphoric  acid,  H3PO.1. 
Pyrophosphoric  acid,  H^PgOj. 
Hydroxylamine,  H3NO. 

The  maximum  value  for  compounds  containing  tetravalent 
atoms  is  determined  by  the  equation,  =  +  ^n^  +  2,  which 
is  fulfilled  by  the  following  molecular  formulae : 

Potassium  silicate,  K^SiO^.  Tetrabasic  sihcic  acid,  H^SiO^. 
Sodium  silicate,  Na^SiO.,.     Hexabasic  silicic  acid,  HgSi20.. 

In  any  attempt  to  double  or  multiply  these  formulae,  we 
should  have 

71,  >     +  271.,  +  2  ; 

therefore  the  conditions  required  for  the  existence  of  the 
molecule  would  cease ;  e.g. 

NagCla        =  4,  consequently     >  2 


H^SgOg 


7lj  =  4 

7^,  =  6 

HsSi^O,  n,  =  8 


71,  >  2 

71,  >  7^3  +  2  =  4 
7?,,  >  277-4 +  2  =  6. 


These  molecular  weights  are  mcorrect,  if  we  assume  that 
the  conditions  for  the  existence  of  the  molecuk  in  the 
liquid  and  solid  state  are  the  same  as  those  which  hold  good 
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for  the  gaseous  state,  and,  secondly,  that  the  atoms  really 
possess  the  valency  ascribed  to  them.  In  certain  cases,  how- 
ever, no  conclusion  as  to  the  molecular  weight  can  be  drawn 
from  the  capacity  of  saturation  of  the  atoms,  even  under 

these  conditions,  viz,  whenever  n^^n^  +  2/14  +  3wg  +  4wg.  Thus 
each  of  the  following  formulas  for  metaphosphoric  acid  and 
dibasic  silicic  acid  satisfies  the  conditions  for  the  molecular 
weight,  since     =     or  = 


Several  modifications  of  metaphosphoric  acid  are  really  known, 
which  perhaps  correspond  to  the  above  formulae. 

No  conclusion  can  be  drawn  regarding  the  molecular  weight 
of  a  compound  composed  entirely  of  polyvalent  atoms.  Thus 
the  molecular  weight  of  the  oxides  of  divalent  metals  which 
is  generally  represented  by  the  smallest  empirical  formula, 
ZnO,  HgO,  &c.,  may  quite  as  well  be  represented  by  a  multiple 
of  these  quantities,  Zn^O^,  Zn303,  HggOgHggOg. 

§  151.  We  are,  as  a  rule,  justified  in  assuming  that  the 
compound  does  not  contain  unsaturated  affinities.  In  this 
case  the  minimum  value  of  the  molecular  weight  of  many  com- 
pounds may  be  determined  with  the  aid  of  a  knowledge  of  the 
capacity  for  satm-ation  of  the  atoms. 

Thus  the  rational  formula,  FeC\,  for  ferrous  chloride  cannot 
represent  the  molecular  weight,  because  the  existence  of  ferric 
chloride  with  the  molecular  weight,  Fe^C\,  shows  that  the  atom 
of  u'on  contains  at  least  four  affinities.  If  none  of  these 
affinities  are  unsaturated,  the  molecular  weight  of  ferrous 
chloride  must  be  at  least  Fe^Cl^,  it  must  contain  at  least  two 
atoms  of  u-on,  which  mutually  saturate  part  of  their  affinities. 
Thus  we  have 


3' 


HgSigOg, 


H^P^O,,,  &c. 
HgSi^Ojj,  &c. 


CI— Fe  =  Fe— CI 


CI  CI 


CI  CI 


CI— Fe— Fe-Cl 


Ferrous  chloride. 


286 


MODEEN  THEORIES  OF  CHEMISTEY 


But  the  molecular  weight  of  ferrous  chloride  may  just  as  well 
be  FOaCl,;,  Fe^Clg,  or  any  other  multiple  of  FeC^ ;  e.g. 

CI  CI 

1  I 
Cl—Fe— Fe— CI 

I  I 
CI— Fe— Fe— CI 

1  I 
CI  CI 

Which  of  these  possible  formulae  is  correct  cannot  be  decided 
from  the  capacity  of  saturation  (see  p.  288). 

It  is  scarcely  necessary  to  mention  that  in  this  state  of 
affairs  it  is  not  only  permissible  but  also  very  advisable  in 
representing  chemical  reactions  to  use  the  simplest  rational 
formulee  instead  of  unknown  molecular  weights. 

The  action  of  hydrochloric  acid  on  iron  and  the  conver- 
sion of  ferrous  chloride  into  ferric  may  without  hesitation  be 
represented  by  the  equations 

Fe  +  2HC1  =  FeCla  +  HH  and  FeCl^  +  Cl  =  FeClg. 

It  must,  however,  not  be  forgotten  that  these  formulae  do 
not  denote  molecular  weights.  The  common  custom  of  using 
as  the  formula  for  ferric  chloride  the  molecular  weight  in 
the  gaseous  state  Fe2Cle,  and  for  ferrous  chloride  the  formula 
FeCl  ,  which  obviously  represents  a  much  smaller  quantity 
than^the  molecular  weight,  is  illogical  and  very  objectionable. 
If  FeoClg  is  taken,  then  FegCl^  should  be  used,  and  if  FeCU  is 
employed,  FeClg  should  be  used.  If  this  is  not  done,  the 
conversion  of  ferric  chloride  into  ferrous  appears  to  be  accom- 
panied by  a  splitting  up  of  the  molecule,  whereas  it  is  highly 
probable  that  in  reality  the  reverse  takes  place.  When  the 
double  atoms  of  BerzeHus  61  =  CI,  were  m  use,  the  simplest 
formula  were  FeCl  =  FeCl^  and  FeCl3  =  Fe.Clg,  but  since  the 
double  atoms  have  been  discarded  the  simplest  formulre  are 

FeCl^  and  FeClg. 

§  152.  A  molecular  weight  deduced  from  the  capacity  or 
saturation  of  the  atoms  is  always  uncertain  and  requires 
confirmation. 
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The  investigation  of  the  physical  properties  of  bodies  can 
alone  yield  a  method  for  arriving  at  a  trustworthy  determina- 
tion of  the  molecular  weight. 

The  greater  or  lesser  degree  of  volatiHty  affords  us  aid  in 
the  case  of  those  substances  which,  though  volatile,  only  vola- 
tilise at  temperatures  which  are  so  high  that  our  methods 
for  determining  the  density  are  unavailable. 

Numerous  observations  have  shown  that  volatility  depends 
not  only  on  the  nature  of  the  substance,  but  also  on  the 
magnitude  of  its  molecular  weight.  As  far  as  is  known  at 
present  volatility  appears  to  increase  as  the  molecular  weight 
diminishes,  other  conditions  being  equal.  It  also  depends  not 
only  on  the  number  and  nature  of  the  atoms  contamed  in  the 
compound,  but  also  on  the  manner  in  which  they  are  arranged. 
The  influence  of  the  atomic  linking  is  perceptible  in  that  class 
of  isomerides  known  as  metamerides,  viz.  substances  having 
the  same  constituents  and  the  same  molecular  weight,  but  a 
different  arrangement  of  the  atoms.  For  example,  ethylene 
chloride  CIH^C— CH^Cl  is  less  volatile  than  ethyhdene  chlo- 
ride H3C— CHCI2 ;  the  former  boils  at  84°  under  the  ordinary 
atmospheric  pressure,  and  the  latter  at  58° ;  acetic  acid  and 
each  of  its  homologues  of  the  formula  CftnO^  boils  (on  an 
average)  82°  higher  than  the  metameric  ethereal  salt  having 
the  same  molecular  weight  and  the  same  formula.' 

Owing  to  the  influence  of  atomic  linking  on  the  volatility 
of  compounds,  the  knowledge  of  the  dependence  of  volatility 
on  the  molecular  weight  can  only  be  used  in  the  comparison 
of  compounds  of  similar  or  analogous  constitution.  But  this 
comparison  can  be  made  in  many  series  of  compounds,  and 
it  IS  always  seen  that  for  two  analogously  constituted  com- 
pounds the  one  with  the  lower  molecular  weight  is  the  more 
volatile.  This  fact  is  frequently  used  in  organic  chemistry 
m  order  to  determine  the  molecular  weight  approximately. 

The  influence  of  the  molecular  weight  also  makes  itself 
felt  even  where  the  constituents  differ  in  quality  and  quantity 
and  are  not  quite  similarly  arranged.  In  many  cases  the 
mcrease  of  the  volatile  constituents  in  a  compound  often 
lowers  the  boiling  point  in  spite  of  the  increased  molecular 
'  H.  Kopp,  Ann.  Chem.  Pharm.  1.  128,  xovi.  6. 
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weight.  Thus  the  hydrocarbon  C„H2„  becomes  more  vola- 
tile when  it  is  converted  into  C,iH2„+2  by  the  addition  of 
Hg.  In  other  cases  the  increase  in  the  molecular  weight  is 
the  preponderating  influence.  Perchlorethylene,  C^Cl^,  boils 
at  122°,  whilst  its  compound  with  chlorine,  perchlorethylene 
chloride,  CgClg,  boils  at.  184°,  which  is  62°  higher,  although 
it  is  richer  in  the  more  volatile  constituent.  The  analogy 
between  this  example  and  the  chlorides  of  iron  permits  us  to 
draw  a  conclusion  as  to  the  molecular  weight  of  the  latter 
compounds.  As  G^G\  is  more  volatile  than  C^Cl^,  it  may  be 
regarded  as  probable  that  Fe^Cl^  would  be  more  volatile  than 
FegClg.  But  since,  in  reaUty,  ferrous  chloride,  which  is  repre- 
sented by  FeClg  or  ¥ej^l^,  is  much  more  difficult  to  volatilise 
than  ferric  chloride,  the  molecule  of  which  is  shown  to  be  FegClg 
by  Avogadro's  law,  it  follows  that  the  molecular  weight  of 
ferrous  chloride  is  undoubtedly  larger  than  Fe2Cl4,  perhaps 
Fe4Clg,  or  still  larger.  There  is  no  means  of  ascertaining 
how  large  it  is. 

There  are  many  such  cases  in  which  the  molecular  weight 
may  be  deduced  from  the  volatility.  The  value  of  this  method 
is  not  at  present  very  great,  as  it  only  renders  an  approxi- 
mate, not  an  exact,  determination  of  the  molecular  weight 
possible,  and  it  can  only  be  applied  to  a  comparatively  small 
number  of  bodies. 

§  153.  A  closer  investigation  of  the  internal  movements  of. 
liquids,  especially  friction,  diffusion,  and  conductivity  of  heat, 
will  yield  the  safest  means  of  determining  the  weights  of  the 
molecules  which  actually  exist  in  the  liquid  state.  But  the 
theory  of  these  phenomena  would  require  a  special  develop- 
ment, based  on  a  definite  idea  of  the  properties  of  the  mole- 
cule, before  it  would  be  possible  to  draw  conclusions  as  to  the 
values  for  the  molecules  from  the  observations  which  have 
been  and  have  yet  to  be  made. 

If  we  attempt  to  form  an  idea  as  to  the  manner  in  which 
the  internal  movements  of  hquids  depend  on  the  weight  of 
the  molecules  and  on  the  molecular  volume,  calculated  from 
the  density  and  molecular  weight,  we  are  inclined  to  assume 
that  in  the  movements  which  continuously  take  place  in  the 
interior  of  hquids,  a  particle  will  change  its  place  more 
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rapidly,  and  penetrate  between  the  others  more  easily,  if  its 
velocity  is  large  and  the  volume  small.    But  the  molecular 
volume  is  proportional  to  the  quotient  of  the  molecular  weight 
by  the  density.    The  velocity  will  generally  decrease  with  an 
increased  molecular  weight,  as  is  the  case  with  gases,  but 
probably  according  to  a  less  simple  law,  at  present  un- 
known.   According  to  this  supposition  the  rate  of  diffusion 
should  increase  as  the  weight  and  volume  of  the  molecules  of 
the  diffusing  body  decrease.    But  if  we  compare  these  conclu- 
sions with  the  results  of  observation,  we  find  that  the  reverse 
frequently  occurs,  that  bodies  the  chemical  formulte  of  which 
represent  a  larger  weight  and  volume  diffuse  more  rapidly  than 
those  the  formulsB  of  which  correspond  to  a  smaller  weight  and 
volume.    According  to  the  experiments  of  J.  H.  Long '  the 
quantities  in  column  IV.  (represented  in  terms  of  the  mole- 
cular weights  F,  column  II.)  diffused  into  pure  water  in  equal 
times  and  under  similar  external  conditions  from  solutions 
containing  in  equal  volumes  the  quantities  of  the  salts  repre- 
sented by  then-  formulas. 


Potassium  iodide 
,,  bromide 
„  chloride 
Ammonium  chloride 
Sodium  iodide  . 
Ammonium  bromide 
Sodium  chloride . 
Lithium  chloride 
Sodium  bromide  . 

Ammonium  nitrate 
Potassium  ,, 
Sodium  „ 
Lithium 


II. 


KI 

KBr  = 
KGl  = 
NH.Cl  = 
Nal  = 
NH.Br  = 
NaCl  = 
LiCl  = 
NaBr  = 

NH.NO,  = 
KNO3  = 
NaNOg  = 
LiNO,  = 


165-6 

118-8 
74-4 
53-4 

149-5 
97-8 
58-4 
42-4 

102-8 

80-0 
101-0 
84-9 
68-9 


III. 

v 


IV. 

n 


V. 

H 


55-5 
45-9 
38-4 
35-2 
43-4 
42-4 
26-2 
20-9 
34-2 

47-  2 

48-  6 
38-4 
28-9 


823 
811 
803 
689 
672 
629 
600 
641 
509 

680 
607 
624 
512 


-  5110 

-  6080 

-  4440 

-  3880 
+  1220 

-  4380 

-  1180 

-  150 

-  6320 

-  8520 

-  5060 


A  comparison  of  columns  III.  and  IV.  shows  that  for 
bodies  of  analogous  composition,  the  higher  rate  of  diffusion 
generally  corresponds  to  the  larger  value  of  the  volume,  V 
More  than  800  particles  of  potassium  iodide  and  only  GOO 

'  '  On  the  Diffusion  of  Liquids,'  Inaug.  Dissertation,  Tiibingen,  1879  •  TFW 
Ann.  ix.  619.  ,  n  tt«. 
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particles  of  sodium  chloride  diffuse  in  the  same  space  of  time, 
although  the  volume  of  a  particle  of  the  latter  is  scarcely  half 
the  size  of  a  molecule  of  the  former.    Either  the  theoretical 
views  previously  stated  are  incorrect,  or  the  formulae  used  do 
not  represent  the  actual  molecular  weights,  or  both  are  in- 
correct.   But  it  is  evident  that  tolerably  simple  and  definite 
relations  do  exist  between  the  rate  of  diffusion  and  the  com- 
position of  bodies.    Potassium  and  ammonium  compounds 
diffuse  more  rapidly  than  the  corresponding  sodium  com- 
pounds, and  these  more  rapidly  than  hthium.   In  compounds 
of  the  same  metal  the  iodide  diffuses  more  rapidly  than  the 
bromide,  the  bromide  more  rapidly  than  the  chloride,  and  the 
chloride  than  the  nitrate ;  sodium  bromide  forms  an  exception.* 
Long  has  pointed  out  that,  almost  without  exception,  the 
more  rapidly  diffusing  bodies  use  up  a  larger  quantity  of  heat 
on  solution  than  those  which  diffuse  less  rapidly.    This  dis- 
appearance of  heat,  as  heat  of  solution  (column  V.,  under  H), 
may  be  due  to  two  causes.    It  is  either  used  in  overcoming 
the  cohesive  force  of  the  dissolved  body,  consequently  m  over- 
coming molecular  attractions,  or  else  it  is  used  in  producmg 
certain  molecular  motions  which  are  not  heat  and  which  are 
pecuhar  to  the  liquid  but  not  to  the  soHd  state,  or  finally  the 
heat  is  partly  expended  for  each  purpose.    At  any  rate  it  is 
rendered  latent  by  resolving  the  continuity  of  the  soHd  body, 
by  converting  the  solid  mass  into  a  Hquid.    The  bodies  are 
not  necessarily  split  up  into  particles  represented  by  the  for- 
mula in  column  II.  under  F  ;  the  decomposition  may  extend 
further  in  some  cases  than  in  others.    The  larger  values  for 
the  heat  of  solution  indicate  a  more  complete  decomposition, 
e.g.,  if  potassium  chloride  is  spht  up  into  particles  of  the 
composition  n  (KCl),  and  sodium  chloride  into  m  (NaCl),  m 
is  probably  larger  than  n.    It  is  probable  that  none  of  these 
salts  really  separate  into  the  molecules  represented  by  the 
formulse,  as  the  acids  almost  without  exception  diffuse  incom- 
parably more  rapidly  than  the  salts  which  are  formed  from 
them  by  neutralisation.    This  fact  is  most  easily  explamed 

>  This  exception  is  not  due  to  an  error  of  observation,  since  Graham  ob- 
served that  NaBr  diffuses  more  slowly  than  NaCl.  He  found  that  590  J^aiir 
696  KI,  and  COO  NaCl  diffuse  in  the  same  time. 
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on  the  supposition  that  several  molecules  of  the  salt  have 
united  to  form  a  single  molecule. 

§  154.  The  slower  diffusion  of  the  salts  is  in  many  cases 
due  to  another  kind  of  increase  in  their  molecular  weight  or 
volume,  viz.  to  their  union  with  a  certain  quantity  of  water, 
which  is  generally,  but  not  always,  identical  with  their  water 
of  crystallisation.  Numerous  observations  on  solution,  solu- 
bility, supersaturated  solutions,  the  colour  and  the  vapour 
tension  of  solutions,'  and  particularly  Eiidorff's  ^  investigations 
on  the  freezmg  of  saline  solutions,  have  proved  or  made  it 
exceedingly  probable  that  the  combination  with  the  water  of 
crystalHsation  generally  survives  the  sohd  state  of  aggregation 
and  still  continues  to  exist  within  certain  limits  in  the  solu- 
tion. 

Eiidorff  found  that  the  freezing  point  of  the  solutions,  i.e. 
the  temperature  at  which  they  begin  to  deposit  ice,  falls  in 
proportion  to  the  concentration  of  the  solutions,  i.e.  the  amount 
of  sohd  matter  contained  ha  them.  But  m  many  cases  this 
regularity  is  only  apparent  when  a  certain  quantity  of  water 
m  addition  to  the  given  salt  is  taken  into  consideration.  This 
quantity  of  water  is  generally,  but  not  always,  the  same  as  that 
with  which  the  salt  crystalhses  at  the  particular  temperature. 

Eiidorff's  results  have  been  confirmed  to  a  great  extent 
by  de  Coppet,^  who  repeated  a  portion  of  the  experiments 
and  extended  the  investigation.  The  observations  of  the  two 
physicists  for  the  same  series  of  salts  yield  somewhat  different 
results  as  to  the  amount  of  water  of  crystahisation  present. 
This  contradiction  can  only  be  explained  by  more  careful 
determmation  of  the  temperature.  Guthrie  *  has  also  made 
experiments  in  this  du-ection. 

In  the  foUowmg  table  the  first  column  contains  the  name 
of  the  dissolved  substance ;  the  second,  under  Q,  the  amount 
of  substance  expressed  by  its  formula  producing  the  depression 
of  the  freezing  point ;  the  third,  under  t,  the  depression  of  the 
'  WiiUner,  Pogg.  Ann.  1858,  ciii.  629,  cv.  85  ;  1860,  ex.  387. 
2  Pogg.  Ann.  1861,  cxiv.  63 ;  1862,  cxvi.  55  ;  1872,  cxlv.  599 
"  Ann.  Chim.  Phys.  [4],  1871,  xxiii.  366 ;  1872,  xxv.  502,'  xxvi   98  •  [51 
1875,  VI.  275.    The  first  paper  contains  a  historical  survey  of  former  observa 
tions  on  this  subject.  ^^•^<.i\a, 

'  Phil.  Mag.  [4],  1876,  i.  354,  ii.  211. 
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freezing  point  (expressed  in  degrees  centigrade)  produced  by- 
one  part  by  weight  of  the  substance  dissolved  in  1,000  parts 
by  weight  of  water ;  the  fourth,  under  tQ,  the  depression 
which  the  freezing  point  suffers  when  the  quantity  Q,  repre- 
sented by  the  molecular  formula,  is  dissolved  in  1,000  parts  of 
water.  The  numbers  in  column  IV.  show  how  many  degrees 
the  freezing  point  of  a  solution  of  the  quantity  Q  in  1,000 
parts  of  water  lies  below  the  freezing  point  of  water.  Ed 
signifies  Eiidorff,  and  Cp,  de  Coppet. 


Q 

t 

tQ 

Ed 

Cp 

Ed 

Cp 

Potassium  chloride  . 

KCl      =  74-4 

0-0446 

0-0451 

3-32 

3-36 

„        bromide  . 

KBr     =  118-8 

0-0292 

3-47 

„  iodide 

KI       =  165-6 

0-0212 

3-51 

Ammonium  chloride  . 

NH.Cl  =  53-4 

0-0653 

0-0660 

3-48 

3-51 

Potassium  sulphate  . 

K.,SO,  =  173-9 

0-0201 

0-0224 

3-50 

3-90 

„        chromate  . 

KXr04=  194-3 

0-0194 

0-0196 

3-77 

3-81 

For  other  substances  the  freezing  point  of  the  solution 
falls  more  rapidly  than  is  required  by  the  diminution  in  the 
amount  of  anhydrous  substance  contained  in  it,  because  a 
part  of  the  water  remains  combined  as  water  of  crystallisa- 
tion, and  the  remainder  only  acts  as  a  solvent.  The  freezing 
point  falls  in  proportion  to  the  amount  of  hydrated  salts  in 
the  solution. 


Q 

t 

tQ 

Ed 

Cp 

Ed 

Cp 

Magnesium  sulphate 

MgSO^ .  7  H,0  =  245-5 

0-0072 

0-0073 

1-77 

1-79 

Zinc  ,1 

ZnSO,, .  7  H,0  =  286-4 

0-0058 

0-0055 

1-66 

1-58 

Nickel  „ 

NiSO,  .  7  H,0  =  280-1 

0-0055 

1-54 

Ferrous '  „ 

FeSO, .  7  H,0  =  277-4 

0-0055 

1-53 

Copper  „ 

CUSO4 . 5  H,0  =  248-9 

0-0065 

0-0070 

1-62 

1-74 

>  Observed  by  Blagdeu. 
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The  two  observers  have  obtained  different  results  in  the 
case  of  certain  salts,  acids,  and  alkalies.  Eiidorlf  concludes 
that  sodium  chloride  is  anhydrous  at  temperatures  below  —  9°, 
but  that  it  exists  in  solution  as  NaC12H20,  below  this  tempera- 
ture. De  Coppet  assumes  that  the  solution  of  sodium  chloride 
contains  one  or  more  hydrates  at  higher  temperatures. 

According  to  Eiidorif  sodium  bromide  and  iodide  are  com- 
bined with  4H2O ;  according  to  de  Coppet  they  are  united  to 
3H2O.  Even  if  the  uncertainty  of  the  observations  is  not 
taken  into  account,  it  is  not  at  present  possible  to  decide 
whether  the  quantities  under  Q  are  identical  with  the  molecu- 
lar weights.  But  the  relations  pointed  out  by  Eiidorff  make 
it  clear  that  if  the  molecular  weight  m  is  not  equal  to  the 
quantity  Q,  it  must  be  a  simple  multiple  of  it. 

Therefore  =  % .  Q  where  ?i  =  1,  2,  3,  4  ....  or  any 
whole  number. 

Since  equivalent  quantities  of  analogous  compounds  de- 
press the  freezing  point  to  approximately  the  same  extent,  it 
may  be  assumed  that  in  such  a  group  of  compounds  n  has  one 
and  the  same  value. 

It  must  be  remembered  that  all  these  numbers  apply  only 
to  temperatures  below  the  freezing  point  of  water.  It  has 
long  been  known  that  the  quantity  of  water  combined  with 
the  different  substances  frequently  changes  with  change  in 
temperature.  This  has  been  largely  confirmed  by  Eiidorff's 
investigations. 

The  concentration  of  the  solution  also  influences  the 
amount  of  combined  water.  Cupric  chloride  contains  three 
times  as  much  combined  water  in  the  dilute  blue  solution  as 
it  does  in  the  concentrated  green  solution.  The  former  con- 
tains CuCl^  12  H2O,  and  the  latter  CuClg  4  H2O.  According 
to  Eiidorff  the  amount  of  combined  water  also  changes  below 
the  freezing  point  in  a  solution  containing  from  16  to  20  per 
cent,  of  anhydrous  cupric  chloride.  The  change  of  colour  on 
warming  shows  that,  at  higher  temperatures,  even  dilute  solu- 
tions contain  the  green,  lower  hydrated  salt. 

§  155.  The  heat  which  is  absorbed  on  dissolving  a  solid 
does  not,  as  a  rule,  disappear  immediately  on  the  change  to 
the  liquid  state,  but  a  considerable  portion  of  it  is  absorbed 
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only  when  the  concentrated  solution  which  is  formed  is  diluted 
by  a  further  addition  of  the  solvent.    It  may  be  concluded 
from  this  peculiar  phenomenon  that  the  quantities  under  Q 
in  the  table  in  the  above  paragraph  are  not  under  all  ch'cum- 
stances  identical  with  the  molecular  weights  which  hold  good 
for  the  liquid  state.    On  the  contrary,  the  molecular  weights 
are  greater  than  these  quantities.    This  gradual  disappear- 
ance of  heat  can  only  be  explained  on  the  supposition  that 
the  larger  groups  of  molecules  preserve  their  coherence  on 
solution,  but  on  a  greater  dilution  of  the  solution  they  are 
split  up  by  the  action  of  the  solvent,  thus  causing  a  fm*ther 
absorption  of  heat.    For  example,  a  concentrated  solution  of 
potassium  nitrate  suffers  a  diminution  in  temperature,  on 
dilution.  It  is,  therefore,  very  improbable  that  when  this  body 
is  dissolved,  it  at  once  splits  up  into  single  molecules  of 
the  composition  KNO3.    It  is  probable  that  this  only  occurs 
in  very  dilute  solutions,  perhaps  only  in  warm  solutions,  or 
it  may  be  that  the  simple  molecule  is  never  formed. 

It  may  be  assumed  with  a  tolerable  amount  of  certainty 
that  the  quantity  Q  =KN03  =  100-9  is  only  a  fraction  of  the 
molecular  weight  of  this  substance.  We  can  now  understand 
the  fact  observed  but  not  explained  by  Kiidorff  and  de  Coppet, 
that  in  the  case  of  many  substances  the  freezing  point  sinks 
more  slowly  than  the  concentration  of  the  solution  increases, 
as  for  instance  m  the  case  of  the  nitrates  of  potassium,  sodium, 
ammonium,  silver  and  lead. 

When  larger  aggregations  of  molecules  form,  as  the  con- 
centration is  increased  and  the  temperature  falls,  a  certain 
quantity  of  salt  will  lower  the  freezing  point  to  a  smaller 
extent  than  it  would  in  a  more  dilute  solution  freezing  at  a 
higher  temperature,  because  the  freezing  point  falls,  as  has 
been  shown  by  numerous  examples,  in  proportion  to  the 
number  of  molecules  present.  Four  parts  by  weight  of  silver 
nitrate  dissolved  in  100  parts  of  water  lower  the  freezing 
point  from  0°  to  -  0-7°.  But  if  the  100  parts  of  water 
already  contain  40  parts  of  silver  nitrate,  a  further  addition 
of  four  parts  only  lowers  the  temperature  from  —  4-86°  to 
—  5-10°,  =  0-25°.  The  molecular  aggregations  in  the  40  per 
cent,  solution  appear  to  be  almost  three  times  the  size  of 
those  in  the  dilute  solution. 


MOLECULAR  WEIGHT  OF  SOLIDS 


295 


In  many  cases  it  is  necessary  to  assume  the  existence  of 
larger  groups  of  molecules— to  explain,  for  instance,  the 
softening  of  bodies  before  melting.  The  peculiar  condition  of 
certain  organic  tissues  and  similar  substances,  produced  by 
the  imbibition  of  liquids,  representing  possibly  a  state  of  matter 
midway  between  the  liquid  and  the  solid,  may  be  explained 
on  this  assumption.  The  difficulty  with  which  substances, 
called  colloids  by  Graham,'  diffuse  through  porous  membranes, 
may  also  arise  from  the  fact  that  they  are  composed  of  larger 
aggregations  of  molecules. 

Although  these  different  methods  for  determining  the 
molecular  weight  in  the  liquid  state  are  at  present  imperfect 
and  uncertain,  they  permit  us  to  hope  that  it  will  be  possible 
in  the  future  to  determine  the  relative  if  not  the  absolute 
weight  of  the  molecules.  To  accomplish  this  many  investi- 
gations made  for  this  special  purpose  are  required. 

§  156.  The  determination  of  the  molecular  weight  of  solid 
bodies  appears  to  be  even  more  difficult  than  in  the  case  of 
liquids.  Up  to  the  present  the  only  guide  to  this  determination 
which  has  proved  of  any  service  is  isomorphism.  The  possibility 
of  arrivmg  at  the  value  of  the  molecular  weight  by  means  of 
isomorphism  depends  on  the  supposition,  that  isomorphous 
replacement  is  produced  by  the  same  number  of  molecules, 
therefore  the  quantities  which  replace  each  other  without 
producing  any  alteration  in  the  crystalline  form  of  the  com- 
pound, stand  in  the  same  ratio  to  each  other  as  do  the  mole- 
cular weights.  The  accuracy  of  this  assumption  has  not  yet 
been  proved  ;  it  nevertheless  possesses  a  great  degree  of  proba- 
bility. But  the  conclusions  arrived  at  by  the  aid  of  isomor- 
phism are  of  only  a  slight  importance,  as  the  isomorphous 
groups  do  not  represent  many  compounds,  and  secondly,  the 
molecular  weight  of  not  even  a  smgle  compound  is  known 
with  such  a  degree  of  certainty  that  it  could  be  used  as  a 
standard  of  comparison  for  the  rest. 

The  only  conclusion  which  can  be  arrived  at  with  cer- 
tainty is,  that  the  molecular  weight  of  many,  perhaps  very 
many  substances,  must  be  considered  to  be  greater  than  the 
quantity  represented  by  their  empirical  formulae. 

'  Phil.  Trans.  1861,  183.   Ann.  Chem.  Pharm.  1862,  cxxi.  1. 
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The  empirical  formula  for  titanic  acid  is  TiO^.  But  anatase 
one  form  of  this  trimorphous  substance,  is  isomorphous  with 
scheehte  CaW04,  scheelitine  PbW04,  and  wulfenite  PbMoO^. 
Anatase  must  therefore  contain  four  atoms  of  oxygen  and  have 
the  formula  Ti^O^,  since  the  quantity  represented  by  this 
formula  can  replace  the  compounds  indicated  by  the  above 
formulae  without  producing  any  change  in  crystalline  form. 
Fergusonite,  which  consists  essentiaUy  of  niobate  of  yttrium, 
is  isomorphous  with  these  four  compounds.  Hence  the  for- 
mula will  probably  be  YNb04. 

Although  many  similar  cases  are  known,  all  the  deduc- 
tions from  isomorphism  as  to  the  value  of  the  molecular  weight 
remain  isolated,  for  the  reasons  previously  mentioned.  Our 
survey  of  this  subject  can  only  be  aided  by  a  comprehensive 
comparison  of  the  crystalline  form  and  composition  of  numer- 
ous compounds.  Even  then  it  will  scarcely  be  possible  to 
ascertain  the  actual  molecular  weights,  but  we  shall  learn 
that  certain  values  which  are  now  frequently  regarded  as 
molecular  weights  are  only  fractions  of  actual  molecules. 
Certain  numbers  will  be  excluded  as  too  small,  but  there  will 
be  no  guarantee  that  those  stochiometric  quantities  which  are 
large  enough  to  satisfy  all  the  conditions  of  the  law  of  iso- 
morphism are  not  smaller  than  the  true  molecular  weights. 

These  and  similar  observations  show  how  difficult  it  is  to 
ascertain  the  size  of  the  molecules  in  solids  and  liquids.  It . 
is  possible  that  the  progress  of  science  may  yield  further 
means  for  solving  the  problem.  Some  of  the  physical  pro- 
perties of  bodies  may  provide  the  desh-ed  aid.  It  is  also 
possible  that  in  many  cases  the  notion  of  molecules  in  the 
strict  sense  no  longer  corresponds  to  the  existing  circum- 
stances and  that  a  distinct  isolation  of  these  systems  of  matter 
from  each  other  does  not  occur.  In  any  case  great  caution  is 
required  in  applying  views  deduced  from  gaseous  bodies  to 
liquids  and  solids. 

§  157.  Ignorance  of  the  molecular  weights  of  hquid  and 
solid  bodies  does  not  prevent  the  determination  of  their 
atomic  linking,  though  it  renders  the  solution  of  the  problem 
much  more  difficult.  All  previous  observations  show  that  we 
may  assume  with  a  tolerable  amount  of  certainty  that,  in 
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passing  from  the  gaseous  to  the  Hquid  or  soHd  states  of  aggre- 
gation, the  order  of  the  atoms  in  the  chain  is  rarely  changed. 
In  the  rare  cases  where  a  change  occurs  it  is,  as  a  rule,  de- 
tected by  the  changed  properties  of  the  substance.  Conse- 
quently it  appears  to  be  permissible  to  assume  that  substances 
have  the  same  atomic  linking  in  the  liquid  and  solid  state  as 
they  have  in  the  gaseous  state.  We  are  all  the  more  entitled 
to  make  this  assumption,  as  our  views  on  atomic  Hnking  have 
to  a  certain  extent  been  derived  from  and  confirmed  by  the 
behaviour  of  solid,  and  especially  of  liquid  compounds.  We 
have  even  gone  a  step  further  by  assuming  that  when  new 
elements  or  radicals  are  substituted  for  elements  or  radicals 
of  similar  valency,  contained  in  a  compound,  the  order  of  the 
remaining  atoms  is  not,  as  a  rule,  disturbed.  Our  views  on 
the  atomic  linking  of  those  salts  whose  molecular  weight  and 
constitution  have  not  been  directly  determined,  whilst  those 
of  the  acids  from  which  they  are  derived  are  known,  depend 
on  this  supposition.  The  atomic  linking  of  many  acids,  which 
do  not  volatilise  without  decomposition,  has  been  deduced  from 
the  constitution  of  their  ethers  or  ethereal  salts,  by  means  of 
the  same  hypothesis.  This  deduction  is  in  this  case  made 
in  a  manner  similar  to  that  described  in  §  148  ;  the  determina- 
tion of  the  molecular  weight  of  a  compound  being  made  by 
comparison  with  compounds  of  known  molecular  weights.  The 
atoms  or  radicals  which  replace  the  hydrogen  of  the  acids  are 
supposed  to  occupy  the  position  of  the  replaced  hydrogen. 

When  the  new  atoms  or  radicals  are  like  hydrogen  mono- 
valent the  case  is  very  simple ;  the  hydrogen  is  replaced  by 
the  new  elements  atom  for  atom ;  e.g. 

Hydrochloric  acid    yields       Potassium  chloride 


HCl 
Formic  acid 

H— CO— 0— !h 


yields 


KCl 

Potassium  formate 
H— CO-0— K 


Acetic  acid 


yields 


Methyl  acetate 
H3C-CO-O— CH3 


H3C-CO-O— IH 


When  polyvalent  atoms  or  radicals  replace  the  monovalent 
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hydrogen  they  satisfy  the  affinities  which  formerly  attached 
the  hydrogen.  Here,  again,  the  matter  is  quite  simple  so 
long  as  only  one  atom  of  hydrogen  is  replaced  in  each  mole- 
cule, e.g. 

Two  molecules  of  formic  acid  yield  one  molecule  of  calcium 
formate  : 

H— CO— 0— Ca— 0— CO— H 


H- 

-CO- 

-0— 

IH 

H- 

-CO- 

-0— 

iH 

and  two  molecules  of  silver  acetate  yield  one  molecule  of 
ethylene  acetate  : 

{Ag  H3C— CO— 0— CH^ 


H3C— CO— 0- 


H3C— CO— 0— 


Ag 


H3C— CO— 0— CH2 


These  changes  are  analogous  to  the  double  decompositions 
which  have  been  proved  by  Avogadro's  law  to  take  place  when 
2  mols.  of  ethyl  iodide  are  converted  into  1  mol.  ethyl  ether 
or  1  mol.  zinc  ethyl : 


HgC — HgC — i 


H3C — HgC- 


I  H3C  HgCv  H3C  HgCy 

>0  >Zn 
I        H3C— HgC^  H3C— H^C^^ 


It  has  already  been  pointed  out  in  §  148  that  a  degree  of 
uncertainty  exists  when  two  or  more  atoms  of  hydrogen  in  the 
same  molecule  are  replaced.  Thus  it  is  doubtful  whether  the 
constitution  of  barium  sulphate  is  represented  by 

/0\  >0— Ba— 0\ 

S0,<     >Ba      or  by       S0,<  ^SO^ 
"\0^  \0— Ba— 0/ 

or  by  a  larger  closed  chain. 

The  same  uncertainty  exists  with  regard  to  the  oxides 
of  unknown  molecular  weight,  as  has  been  already  pointed 
out  in  §  150.  The  formulae,  which  have  been  arbitrarily 
chosen  on  account  of  their  simplicity  to  indicate  the  mole- 
cular weights  of  the  oxides  of  zinc  and  mercury,  ZnO  and  HgO, 
can  hardly  represent  the  constitution  of  these  oxides  correctly. 
Small  molecules  like  these  would  certainly  be  very  easily 
volatilised,  as  both  their  constituents  are  volatile.  It  is  much 
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more  probable  that  the  molecules  of  these  oxides  form  long 
closed  chains,  such  as 

Hg-O-Hg-0 
I  I     &c.'  • 

0-Hg-O-Hg 

These  and  numerous  other  cases  of  the  uncertainty  in  our 
knowledge  of  the  atomic  linking  of  Hquid  and  solid  bodies  are 
chiefly  due  to  our  ignorance  of  the  molecular  weights  which 
these  bodies  really  possess.  The  progress  of  the  science  in 
this  direction  is  entirely  dependent  on  the  discovery  of  a  good 
method  by  which  it  will  be  possible  to  ascertain  the  mole- 
cular weights  in  the  liquid  and  solid  state,  as  logically  and 
consistently,  and  with  the  same  degree  of  uniformity  and 
thoroughness,  as  can  be  done  for  the  gaseous  state  by  the  aid 
of  Avogadro's  hypothesis. 

'  This  view  has  been  expressed  recently  by  L.  Henry.  (Etudes  de  chimie 
moliculaire,  Brussels,  1879,  extract  from  the  Annales  de  la  SocUti  scientifique 
de  Bnixelles,  1879.) 
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IX. 

THE  CHEMICAL  VALUE,  VALENCY,  OB  CAPACITY  OF 
SATURATION  OF  THE  ATOMS. 

§  158.  One  of  the  most  important  suppositions  upon  which 
the  present  doctrine  of  atomic  Unking  depends,  and  also  that  of 
the  constitution  or  structure  of  chemical  compounds  which  has 
grown  out  of  this  doctrine,  is  the  knowledge  of  the  chemical 
value  of  the  atoms,  which  has  been  variously  styled  valency, 
capacity  of  saturation,  or  is  denoted  by  the  number  of  bonds  of 
affinity  which  an  atom  possesses.  The  doctrine  of  valency  is, 
as  already  mentioned  in  §§  90-93,  a  recent  development  of 
the  theory  of  chemical  types,  which  at  first  were  simply  empiri- 
cal. The  observation  that  the  power  of  elements  to  combine 
with  others  differs  not  only  in  the  intensity  with  which  this 
combination  takes  place,  but  also  in  the  number  of  atoms 
with  which  an  atom  of  a  given  element  can  combine,  showed 
the  necessity  for  the  introduction  of  a  doctrine  such  as  that 
of  valency.  Further,  the  doctrine  of  '  chemical  equivalents,' 
although  used  for  some  time,  but  never  consistently,  has  by 
this  means  been  fully  developed,  and  a  clear  explanation  been 
given  of  its  relation  to  the  doctrine  of  atomic  weights,  with 
which  it  had  been  hitherto  only  too  frequently  confounded. 
The  valency  of  an  atom  is  represented  by  the  proportion  of 
its  atomic  to  its  equivalent  weight ;  it  is,  therefore,  a  whole 
number.  This  number  represents  the  number  of  times  the 
equivalent  weight  of  an  element  is  contamed  in  its  atomic 
weight. 

The  laws  by  which  the  atomic  weights  of  the  elements  are 
determined  have  already  been  fully  described.  There  therefore 
remains  to  be  mentioned  what  the  present  interpretation^  of 
the  idea  of  equivalent  weights  is,  an  interpretation  which 
has  varied  considerably  in  the  course  of  the  development  of 
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the  chemical  atomic  theory.  It  is  well  known  that  the  ex- 
pression *  equivalent '  was  proposed  by  Wollaston,  with  the 
intention  of  replacing  Dalton's  entirely  hypothetical  atomic 
weights  by  a  number  determined  empirically.  Wollaston 
himself  was  not,  however,  consistent  in  carrying  out  the  idea 
of  equivalency  as  expressed  by  the  word  equivalent.  His 
so-called  equivalent  weights  ^  were,  to  a  great  extent,  atomic 
and  molecular  weights,  and  in  reality  as  hypothetical  as  those 
of  Dalton,  differing  only  in  being  determmed  from  another 
point  of  view.^  The  same  remark  applies  to  the  equivalent 
weights  used  by  Gmelin  and  other  later  authorities. 

The  cause  of  this  is  to  be  found  in  the  nature  of  the  sub- 
ject itself,  for  no  weights  of  any  two  elementary  bodies  are 
completely  equivalent,  but  are  at  the  most  approximately  so, 
as  regards  one  or  more  points.  Hence  very  different  equiva- 
lent weights  have  been  proposed,  according  to  the  different 
views  adopted  in  regarding  this  approximate  equivalency. 
The  doctrine  of  electrolytic  equivalency,  which  regards  as 
equivalent  those  quantities  separated  electrolytically  by  one 
and  the  same  electrical  current  in  a  given  time,  is  capable  of 
a  more  consistent  application  than  any  other  doctrine  of 
equivalency.  Nevertheless,  this  view  has  not  been  thoroughly 
and  consistently  carried  out,  for  in  the  case  of  a  large  number 
of  elements,  multiples  of  the  electrolytic  equivalents  have  been 
used,  e.g.  the  equivalents  accepted  for  nitrogen,  phosphorus, 
arsenic,  and  antimony  are  three  times  their  electrolytic 
equivalents.  In  some  cases  these  electrical  equivalents  have 
been  regarded  and  used  as  atomic  weights;  they  are  dis- 
tmguished  from  the  '  simple  atoms '  of  Berzehus  and  the 
atomic  weights  at  present  in  use,  since  they  are  determined 
by  the  aid  of  Faraday's  law  of  electrolysis,  and  not  by  the 
hypotheses  of  Avogadro  and  of  Dulong  and  Petit. 

The  necessity  for  a  complete  distinction  between  equivalent 
and  atomic  weights,  in  order  that  the  two  ideas  may  be  used 

'  Vide  Kopp,  Gesch.  d.  Chem:  ii.  375. 

^  Dalton's  atomic  weight  of  N  was  identical  with  its  present  equivalent 
weight,  whilst  Wollaston 's  so-called  equivalent  weight  was  identical  with  its 
present  atomic  weight.  According  to  Dalton  the  formula  for  ammonia  was 
NH,  whilst  according  to  Wollaston  it  was  NHj. 
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side  by  side,  but  not  in  place  of  one  another,  was  first  recog- 
nised during  the  strife  between  the  duahstic  and  the  unitary 
or  typical  chemical  theories.  By  the  recognition  of  this  dis- 
tinction the  idea  of  chemical  equivalent  has  become  simpler 
and  more  definite ;  in  fact,  it  has  become  so  limited  in  mean- 
ing as  to  represent  equality  in  one  respect  only.  At  the 
present  time  those  quantities  of  different  elements  are  re- 
garded as  equivalent  which  combine  with  the  same  number  of 
single  atoms  of  one  or  more  elements ;  and  thus  the  intensity 
of  the  force  with  which  these  atoms  are  held  together  is  en- 
tirely disregarded,  and  also  the  properties  of  the  compounds 
produced  by  this  union. 

Experience  has  shown  that  hydrogen  has  the  smallest 
atomic  weight  of  all  elements,  and  also  the  smallest  equivalent 
weight ;  also  that  the  atomic  weight  of  every  other  element  is 
equivalent,  at  least,  to  the  atomic  weight  of  hydrogen,  often 
to  some  multiple  of  it,  but  never  to  a  fraction  of  it.  Hence 
the  atomic  weight  of  hydrogen  is  taken  as  the  unit  for  equiva- 
lent weights,  and  therefore  the  equivalent  weight  of  an  element 
is  that  quantity  of  an  element  which  is  equivalent  to  one  atom 
of  hydrogen.^ 

By  the  acceptance  of  this  unit  the  numerical  expressions 
of  valency  are  reduced  to  the  greatest  possible  simplicity.  As 
far  as  we  can  judge  from  our  present  knowledge,  the  valency 
of  all  elements  may  be  expressed  by  one  of  the  whole  numbers 
from  1  to  6,  or  probably  from  1  to  8.  The  atomic  weight  of 
any  element  is  equivalent  to  either  one  or  two  or  three  atoms 
of  hydrogen  ;  or  an  element  may  be  either  mono-,  di-,  trivalent 
&c.,  i.e.  the  atom  of  this  element  can  combine  with  as  many 
atoms  as  maybe  combined  with  1,  2,  3,  4,  5,  6,  7,  8  atoms  of 
hydrogen. 

§  159.  One  of  the  most  important,  but  at  the  same  time  one 
of  the  most  difficult  problems  which  Chemistry  has  to  solve 
at  the  present  time,  is  the  determmation  of  the  equivalent,  or 
what  amounts  to  the  same  thing,  the  valency  of  an  element. 
Before  the  means  for  the  solution  of  this  question  can  be  con- 

'  This  hypothesis  has  not,  however,  remained  unquestioned.  Geuther  {Jen. 
Zeitsch.  [2],  vi.,  1  Suppl.  119)  behoves  that  hydrogen  may,  under  certain  cir- 
cumstances, be  tri-  or  pentavalent. 
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sidered,  it  will  be  necessary  first  to  discuss  the  preliminary 
question  which  has  in  recent  times  been  frequently  raised  in 
a  variety  of  forms,  viz.  as  to  whether  valency  is  a  constant 
magnitude,  an  invariable  property  of  the  atoms,  or  whether  it 
represents  only  an  intrinsic  property  of  the  atoms  dependent 
upon  and  variable  with  external  circumstances.  This  question 
has  never  been  discussed  with  the  clearness  to  be  desired; 
nevertheless  the  extent  of  the  conclusions,  which  will  be  diffe- 
rent according  as  to  whether  a  negative  or  affirmative  reply 
has  been  arrived  at,  has  always  been  correctly  estimated. 

Since  the  aim  of  all  scientific  investigations  is  to  exhibit 
the  most  variable  phenomena  as  dependent  upon  certain  active 
invariable  factors  taking  part  in  them  and  in  such  a  manner 
that  each  phenomenon  appears  to  be  the  necessary  result  of 
the  properties  and  reciprocal  action  of  these  factors ;  then  it 
is  clear,  that  chemical  investigation  would  be  considerably 
advanced  were  it  possible  to  prove  that  the  composition  of 
chemical  compounds  is  essentially  determined  by  the  valency 
of  the  atoms  and  the  external  conditions  under  which  these 
atoms  react  upon  one  another.  The  first  necessary  step  in 
this  du-ection  has  been  made  in  the  attempt  to  explain  the 
regularities  observed  in  the  composition  of  chemical  com- 
pounds, by  the  assumption  of  a  constant  power  of  saturation 
or  an  invariable  valency  of  the  atom.  The  opposite  and 
equally  hypothetical  assumption  that  the  valency  is  variable, 
leads  to  no  advancement.  The  first  step  towards  progress  in 
this  matter  would  be-  made,  if  some  hypothesis  as  to  the  cause 
of  this  variability  were  proposed.  This  difference  between  the 
two  attitudes  has  seldom  been  properly  reahsed.  Whilst  some 
chemists,  accepting  the  constant  valency  of  atoms,  have  at- 
tempted to  deduce  the  varying  atomic  linking  from  one  distinct 
point  of  view,  others  have  considered  it  sufficient  to  have 
assigned  to  the  atom  of  a  particular  element  in  one  compound 
one  valency,  and  m  another  compound  a  different  valency, 
according  as  this  or  that  value  appeared  the  most  suitable,  and 
thus  to  have  given  a  so-called  explanation  of  the  composition 
of  the  compounds  in  question.  In  this  way  the  fact  has  been 
overlooked,  that  an  arbitrary  interpretation  carried  out  by 
means  of  chosen  hypotheses,  cannot  be  regarded  as  an  attempt 
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at  a  scientific  explanation,  but  is  nothing  more  than  an  ex- 
pression of  our  ignorance  of  the  causal  connection  of  the 
phenomena.  An  explanation  would  require  that  the  different 
valencies  assigned  to  one  and  the  same  element  in  different 
compounds,  should  be  traced  to  a  distinct  cause. 

If,  for  instance,  it  is  stated  that  carbon  in  carbon  dioxide 
possesses  double  the  valency  which  it  possesses  in  carbon 
monoxide,  such  a  statement  is  no  explanation  of  the  fact  that 
an  atom  of  carbon  in  the  former  compound  is  combined  with 
twice  as  much  oxygen  as  in  the  latter,  for  such  a  statement 
is  merely  a  paraphrase,  which  hides  its  incompetency  by 
assuming  the  form  of  an  explanation.  Although  this  may  be 
perceived  without  further  remark,  still  it  has  frequently 
occurred  during  the  last  few  years  that  similar  paraphrases 
have  not  only  been  proposed  but  also  accepted  as  real  expla- 
nations of  such  phenomena.  Just  as  it  was  formerly  supposed, 
that  the  assumption  of  a  vital  force  dispensed  with  a  more 
complete  investigation  of  the  phenomena  of  animal  hfe,  so 
many  chemists  have  of  late  thought  that  they  possessed  in 
*  variable  valency,'  a  means  of  explaining  the  varying  stochio- 
metric  relationships  which  would  satisfy  all  claims.  Such 
deceptions  can  only  retard  the  advance  of  the  science,  smce 
they  prevent  an  earnest  and  thorough  investigation  of  the 
question,  whether  each  atom  is  endowed  with  a  property 
determming  and  limiting  the  number  of  atoms  with  which  it 
can  combine,  dependent  upon  the  intrinsic  nature  of  the  atom 
and  like  it  invariable ;  or  whether  this  ability  is  variable  and 
with  it  the  nature  of  the  atom  itself. 

It  is  by  no  means  impossible  that  the  magnitudes,  which 
we  now  style  atoms,  may  be  variable  in  their  nature.  This 
variability  of  the  atoms  themselves  is  no  longer  so  improbable, 
especially  since  the  variation  in  the  specific  heat,  one  of  the 
fundamental  properties  of  the  atoms,  has  been  recognised. 
Since  the  dependency  of  the  specific  heat  upon  temperature 
can  be  explained  by  the  change  of  the  conditions  of  motion 
of  invariable  atoms  ;  and  the  atoms,  so  far  as  our  experi- 
ence goes,  have  hitherto  shown  themselves  to  be  throughout 
constant  and  invariable  in  many  important  respects,  it  is 
advisable  to  regard  the  atoms  for  the  present,  and  until  the 
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contrary  is  proved,  as  invariable  magnitudes.  It  is  also 
advisable  to  attempt  to  show  that  the  varying  composition  of 
chemical  compounds  is  dependent  upon  an  invariable  valency 
of  the  atoms  and  the  varying  conditions  under  which  it  makes 
itself  felt,  or  by  which  its  action  is  influenced  to  a  greater  or 
less  extent.  Should  such  an  attempt  be  unsuccessful,  then 
in  order  to  found  a  theory  agi-eeing  with  facts,  the  changes 
which  may  be  supposed  to  take  place  in  the  atoms  themselves 
must  be  ascertained,  and  the  causes  of  these  investigated. 

§  160.  In  the  determination  of  the  equivalent  weight  and  of 
the  valency  of  an  element,  certain  conditions  must  be  fulfilled, 
which,  as  the  conception  of  equivalency  was  less  definite,  were 
formerly  regarded  as  superfluous  and  unnecessary.  Those 
quantities  of  the  elements  were  regarded  as  equivalent,  which 
combmed  with  the  same  quantity  of  another  element,  with  a 
total  disregard  as  to  whether  or  not  the  elements  in  the  com- 
pound formed  exercised  an  equal  number  of  combining  units. 
But  consequent  to  the  development  of  the  theory  of  atomic 
linking,  the  idea  of  equivalence  has  been  so  fixed  in  this 
respect,  that  only  those  quantities  of  difi'erent  elements  are 
regarded  as  truly  equivalent,  which  possess  the  same  number 
of  combining  units,  i.e.  those  quantities  which  are  able  to 
combine  with  the  same  amount  of  other  substances  directly 
and  without  the  intervention  of  a  third  substance.  Hence 
it  is  necessary  to  ascertain  the  mode  of  atomic  linking  in 
those  compounds,  from  the  composition  of  which  the  valency 
of  an  element  is  to  be  deduced. 

The  limitation  introduced  into  these  definitions,  that  the 
elements  must  be  directly  united  together  in  the  compound  and 
not  mdirectly  combined  by  means  of  other  elements,  forms  the 
paost  essential  distinction  between  the  views  formerly  held  on 
this  subject  and  those  of  the  present  time.  This  limitation 
has,  however,  considerably  increased  the  difficulties  of  deter- 
mmmg  the  equivalent  weight  of  an  element,  but  this  was 
necessary  m  order  to  give  definiteness  to  the  problem  and 
to  render  possible  the  attainment  of  an  unequivocal  solution 
of  the  question.  The  introduction  of  more  definite  ideas  served 
to  overcome  the  influence  of  a  pernicious  caprice,  which  had  for 
a  long  time  rendered  the  idea  of  chemical  equivalence  of  very 
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doubtful  import,  making  equivalent  weights  variable  magni- 
tudes and  completely  hiding  and  confusing  their  relations  to 
atomic  weights.  . 

Whilst  formerly  the  knowledge  of  the  composition  of  one 
or  more  compounds  of  an  element  was  thought  sufficient  to 
determine  the  equivalent  weight  of  that  element,  we  now  re- 
quire a  knowledge  of  the  atom-linking  in  these  compounds, 
and  this  requires  that  the  molecular  weight  of  the  compound 
and  the  atomic  weight  of  the  element  concerned  should  also 
be  known.    It  will,  therefore,  be  easily  understood  that  the 
equivalent  weight  cannot,  as  was  formerly  supposed,  be  deter- 
mined alone  from  a  knowledge  of  the  stochiometric  composition 
of  any  particular  compound.    Moreover,  all  those  compounds 
are  unsuited  for  such  determinations  in  which  the  atomic 
linking  is  not  known  with  accuracy  and  exactness  sufficient 
to  allow  of  a  definite  statement,  as  to  which  particular  atoms 
each  atom  of  the  element,  the  equivalent  of  which  is  to  be 
determined,  is  directly  combined.    Those  compounds  afford 
the  most  accurate  means  of  determining  the  equivalent  of 
an  element  which  contain  in  their  molecule  a  single  atom 
of  the  element  united  to  monovalent  atoms  or  radicals  ;  since 
thereby  the  possibility  of  a  combination  of  the  atoms  amongst 
themselves  is  excluded,  and  consequently  all  must  be  regarded 
as  united  directly  with  the  smgle  atom  of  that  element,  whose 
equivalent  weight  is  required.    The  compounds  contained  in 
the  table  in  §  90  may  be  cited  as  typical  of  what  is  required, 
as  also  may  those  compounds  corresponding  to  them  contain- 
ing monovalent  hydrocarbon  radicals,  such  as  methyl  iodide, 
IMoi,  ethyl  iodide,  lEtj,  methyl  fluoride,  FMej,  mercuric 
ethide,  HgEta,  boric  ethide,  BEtg,  silicon  ethide,  SiEt4,  &c. 
Besides  the  compounds  already  cited  in  the  above  table,  the 
following  are  specially  important  for  the  determination  of  the 
valency,  viz.  methyl  fluoride,  MeF,,  zinc  methide,  ZiMe^, 
and  lead  methide,  PbMe4;  from  the  molecular  weight  and 
composition  of  these  compounds  it  is  seen  that  fluorme  can 
combine  with  one,  zinc  with  two,  and  lead  with  four  mono- 
valent radicals. 

§  161.    If  the  attempt  be  made  to  determine  the  valency 
of  the  elements  from  the  composition  of  the  above  compounds 
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and  those  given  in  §  90,  it  will  be  perceived  at  once  that  some 
elements  form  compounds  containing  different  quantities  of 
monovalent  elements,  e.g.  HgCl  and  HgCia,  PCI3  and  PF5, 
WClg  and  WCig^  The  question  then  aiises,  whether  mercury 
is  monovalent  in  mercurous  chloride,  and  divalent  in  mercuric 
chloride ;  similarly  whether  phosphorus  is  tri-  and  pentavalent, 
and  tungsten  penta-  and  hexavalent.  This  question  would 
not  have  been  so  much  discussed  if  an  understanding  as  to 
the  meaning  of  valency  had  been  previously  arrived  at.  If 
the  expression  mono-,  di-,  and  trivalent,  is  simply  to  indicate 
the  number  of  monovalent  atoms,  or  their  equivalent,  with 
which  an  element  is  united,  then,  of  course,  mercury  is  mono- 
valent in  calomel  (HgCl)  and  divalent  in  corrosive  sublimate 
(HgCy.  These  descriptions  are  nothing  more  than  an 
expression  of  the  stochiometric  composition  of  the  compounds, 
and  as  such  are  not  unfrequently  used,  owing  to  the  want  of 
more  convenient  expressions. 

If,  on  the  other  hand,  the  valency  be  defined  as  a  property 
of  the  atoms,  expressing  their  ability  to  unite  with  a  certain 
number  of  other  atoms,  then  the  question  arises  as  to  whether 
or  not  this  ability  is  variable.  According  to  the  one  view  the 
atom  changes  its  own  nature,  according  to  the  number  of 
the  atoms  with  which  it  is  united ;  thus  monovalent  mercury 
differs  fi-om  divalent  mercury,  in  possessing  one  combining 
unit  less ;  in  the  same  way  tri-  and  pentavalent  phosphorus 
differ  from  one  another.  According  to  the  other  view,  the 
atom  itself  remains  unchanged,  whether  it  be  united  to  a 
greater  or  lesser  number  of  atoms  of  another  element.  Just 
as  the  power  of  a  magnet  is  not  estimated  by  any  particular 
weight  which  it  may  happen  to  carry,  but  only  by  the  maxi- 
mum weight  it  can  support,  similarly  the  capacity  of  satura- 
tion of  an  atom  is  not  determined  by  the  number  of  other 
atoms  with  which  it  is  combined  in  any  particular  compound, 
but  only  by  the  greatest  number  with  which  it  is  possible  for 
it  to  combine.  According  to  this  conception  mercury  in 
calomel  combines  with  one  atom  of  chlorine  not  because  its 
nature  has  changed,  but  because  it  cannot  combine  with  more 
than  is  offered  to  it. 

This  view  is  without  doubt  the  simpler.    It  is,  at  least, 
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superfluous  to  suppose  that  the  capacity  of  saturation,  or 
valency,  varies  with  the  degree  of  saturation.^  From  the  fact 
that  the  higher  compounds  may  be  prepared  from  the  lower 
ones,  it  cannot  be  doubted  that  the  valency  or  the  capacity  of 
saturation  is  not  exhausted  in  the  lower  compounds,  and 
hence  these  latter  do  not  afford  a  means  of  determining  the 
valency. 

§  162.  The  possibility  of  the  combining  units  in  many 
compounds  being  unsaturated  has  been  denied,  and  many 
attempts  have  been  made,  although  without  sufficient  reason, 
to  avoid  altogether  the  acceptance  of  unsaturated  affinities  in 
compounds. 

Although  it  is  probable  in  many  organic  compounds  which 
were  formerly  supposed  to  contain  free  combining  units  that 
some  of  the  carbon  atoms  are  united  by  two  affinities,  e.g.  in 
the  olefine  series  of  hydrocarbons,  C„H2,,,  yet  there  are  many 
other  compounds  to  which  such  or  similar  explanations  can- 
not be  applied. 

The  carbon  atom  in  carbon  monoxide  is  apparently 
saturated  by  the  oxygen  atom  to  half  its  capacity  only.  To 
explain  this  by  the  statement  that  the  two  remaining  affinities 
are  united  with  each  other,  a  view  accepted  by  some  chemists, 
is,  so  far  as  our  present  knowledge  is  concerned,  only  another 
way  of  describing  the  fact.  The  existence  of  two  free  com- 
bining units  explains  the  ease  with  which  carbon  monoxide 
unites  with  chlorine  to  form  phosgene  gas. 

oziczi:  +  ci-ci  =  o=c=ci2. 

The  fact  that  this  combination  takes  place  only  in  sun- 
light, might  be  cited  in  support  of  the  view  that  the  combining 
units  are  not  free,  but  are  first  rendered  so  by  the  action  of 
light.  This  argument  is,  however,  but  feeble,  since  the 
necessity  for  the  action  of  light  is  completely  explained,  inas- 
much as  it  is  required  to  loosen  or  dissolve  the  union  existmg 
between  the  two  chlorine  atoms  united  to  form  the  molecule. 

'  Many  misunderstandings  have  arisen  from  the  confusion  of  the  ideas  of 
•  saturation  '  and  power  of  saturation,  expressions  frequently  used  as  synony- 
mous with  valency.  Examples  of  this  may  be  seen  in  the  work  by  Geo.  A. 
Smyth,  Oil  the  Development  of  the  Theoretical  Views  on  the  Conju<jated  Sulphur 
Compounds,  Berlin,  1876,  ix.  4. 
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It  is  also  easy  to  understand  how  it  is  that  the  free  combining 
units  of  carbon  monoxide  are  not  saturated  by  free  oxygen  at 
the  ordinary  temperature,  but  require  a  higher  temj^erature ; 
since,  in  order  that  combination  may  take  place,  the  molecule 
of  oxygen  must  fii-st  be  dissociated, 

2C0  +  0.0=2C02, 

this  combination  therefore  takes  place  more  easily  at  higher 
than  at  lower  temperatures.  E.  Ludwig^  has  shown  that 
it  takes  place  also  at  lower  temperatures  in  presence  of  the 
loosely  combined  oxygen  of  chromic  acid. 

Carbon  monoxide  unites  with  many  other  substances  to 
form  compounds  in  a  manner  similar  to  that  in  which  its 
combination  with  chlorine  and  oxygen  is  effected.  Cuprous 
chloride,  for  example,  combines  with  chlorine,  oxygen,  and  also 
carbon  monoxide.  It  is  still  more  remarkable  that  carbon 
monoxide  can  expel  many  metals  from  their  compounds,  e.g. 
it  expels  zmc  and  sodium  from  the  compounds  of  these  metals 
with  ethyl  (CgHg),  the  ethyl  groups  uniting  with  carbon 
monoxide  to  form  diethyl  ketone,  C2Hg.CO.C2Hg.2 

Nitric  oxide  (NO)  is  undoubtedly  an  unsaturated  com- 
pound, as  is  also  nitric  peroxide,  NOg,  at  temperatures  above 
150".  These  compounds  are  unsaturated  whether  we  regard 
nitrogen  as  tri-  or  pentavalent,  and  m  both  cases  the  number 
of  free  combming  units  is  an  uneven  one.  Hence  the  subter- 
fuge, that  the  afianities  of  one  and  the  same  atom  are  able  to 
combme  with  one  another,  used  to  explain  away  the  free 
combmmg  units  in  carbon  monoxide,  cannot  avail  in  such 
cases. 

The  ease  with  which  nitric  oxide  is  oxidised  by  oxygen  at 
the  ordinary  temperature,  is  generally  recognised  as  the  im- 
portant condition  upon  which  the  manufacture  of  sulphuric 
acid  depends.  Just  as  it  combines  with  oxygen,  so  does  nitric 
oxide  combme  directly  with  chlorine,  bromine,  and  other  sub- 
stances. 

§  163.  It  has  been  shown  that  some  metals  form  un- 
saturated compounds.    Thus  accordmg  to  Mitscherlich  the 

'  Ann.  Ghent.  Pharm.  1872,  clxii,  47. 
J.  A.  Wanklyn,  Phil.  Mag.  [4],  1866,  xxxi.  506. 


310 


MODERN  THEORIES  OF  CHEMISTRY 


vapour  densities  of  merciirous  chloride  and  bromide  are  8-35 
and  10*14  respectively,  and  therefore  these  compounds  have 
the  following  molecular  weights  : — 

235-3  HgCl  and  279-7  HgBr. 

It  appears,  therefore,  that  in  the  molecule  of  these  com- 
pounds only  one  combining  unit  of  the  divalent  atom  of 
mercury  is  saturated.  In  order  to  avoid  this  irregularity 
Keliule  ^  assumes  that,  in  the  solid  state,  these  compounds 
have  molecular  weights  corresponding  to  the  formula  Hg2Cl2 
and  HggBrg  respectively,  and  that  in  the  passage  to  the 
gaseous  state  they  decompose  into  the  metal  and  the  higher 
chloride  and  bromide  as  follows  : — 

Hg^Cl^^Hg  +  Hga 
Hg2Br2=Hg  +  HgBr.,. 

The  mixture  produced  in  accordance  with  this  view  would 
have  the  same  mean  vapour  density  as  that  of  the  compounds 
the  molecular  weights  of  which  are  expressed  by  the  formulae 
HgCl  and  HgBr.  This  view,  therefore,  is  not  in  contradiction 
with  the  observed  facts.  In  further  support  of  this  the  fact 
may  be  cited  that  corrosive  sublimate  (mercuric  chloride)  is 
always  formed,  although  in  small  quantities  only,  when  calo- 
mel (mercurous  chloride)  is  sublimed.^  At  the  same  time  it 
is  not  to  be  overlooked  that  these  assumptions  of  Kekule  do 
not  remove  the  difficulty  ;  for  instead  of  two  molecules  HgCl, 
each  containmg  one  free  combining  unit,  we  obtain  a  com- 
pletely saturated  molecule  HgClg  and  an  atom  of  mercm-y, 
which  has  two  combming  units  unsaturated.  Nor  is  it  clear 
why  the  one  atom  of  mercury  should  take  away  the  chlorme 
atoms  from  another  and  exactly  similar  atom,  instead  of  the 
chlorine  atoms  remaining  equaUy  divided  between  the  two 
atoms  of  mercury.  If,  on  the  other  hand,  we  acknowledge  the 
correctness  of  the  other  view,  viz.,  that  mercurous  chloride  m 
the  gaseous  state  exists  as  HgCl,  then  it  is  still  permissible  to 
suppose  that  in  the  passage  of  the  gas  into  the  soHd  state  two 

•  Lehrhuch,  I.  498. 

2  GmeUn,  Handh.  5  Aufl.  iii.  511 ;  confirmed  later  on  by  Erlenmeyer  and 
Odling  [v.  WiU's  Jahresbericht,  1864,  280). 
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molecules  unite  with  one  another  by  the  free  combining  units 
to  form  a  saturated  molecule,  Hg.^Clg. 

If  other  compounds  containing  partially  unsaturated  com- 
bining units  are  to  be  regarded  in  an  analogous  manner,  then 
to  be  consistent  we  must  regard  carbon  monoxide  as  a  mixture 
of  carbon  dioxide  and  free  carbon,  and  nitric  oxide  as  consist- 
ing of  free  nitrogen  and  oxygen,  thus  : — 

iv.  „       iv.„  iv. 

2C0  =  00^  +  0 

II         tit  iti         ti  It 

2N0=NN  +  00. 

Suppositions,  the  futility  of  which  is  evident. 

But,  if  we  suppose  that  two  of  the  combining  units  of 
tetravalent  carbon  in  carbon  monoxide  are  unsaturated,  and 
m  nitric  oxide  one  of  the  tri-  or  pentavalent  nitrogen,  then 
there  is  no  difficulty  in  supposing  that  in  the  molecule  of 
mercmy  (and  also  of  cadmium)  two  unsaturated  combining 
units  exist,  and  one  in  each  of  the  molecules  of  mercurous 
chloride  and  bromide.  This  is  all  the  more  evident  when  it  is 
remembered  that  the  affinities  of  mercury  are  weaker  than 
those  of  nitrogen  or  carbon. 

The  atoms  of  the  above-mentioned  metals  can  scarcely  be 
supposed  to  be  the  only  ones  which  can  exist  in  the  unsatu- 
rated, or  only  partially  saturated  condition.  Observations  on 
the  dissociation  of  chemical  compounds  would  lead  us  to 
conclude  that  all  chemical  compounds  would,  at  sufficiently 
high  temperatures,  be  resolved  into  atoms.  Should  this  be 
the  case,  then  at  these  temperatures  the  atoms  of  all  elements 
must  exist  in  an  unsaturated  state.  It  cannot,  therefore, 
appear  strange  that  this  should  be  the  condition  of  things  for 
some  elements  at  comparatively  low  temperatures. 

If,  therefore,  it  be  recognised  that  the  existence  of  un- 
saturated or  partially  saturated  atoms  and  molecules  is  not 
to  be  denied,  then  we  must  guard  agamst  attempts  being 
made  to  determme  the  valency  of  elements  from  unsaturated 
compounds.    Otherwise  the  results  obtained  would  be  too  low. 

The  danger  of  such  an  error  does  not  at  first  sight  appear 
to  be  great,  inasmuch  as  unsaturated  compounds  are  easily 
recognised  by  the  ease  with  which,  by  combining  with  other 
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atoms,  they  are  converted  into  saturated  ones  ;  and  therefore 
the  discovery  of  the  existence  of  free  combining  units  cannot 
be  difficult. 

§  164.  In  the  meantime  it  must  not  be  forgotten  that  the 
saturation  of  free  combining  units  is  dependent  upon  several 
conditions,  not  always  apparent.  The  mere  existence  of  un- 
saturated combining  units  in  atoms  in  contact  with  one 
another,  does  not  necessarily  suffice  to  brmg  about  a  combi- 
nation. Whether  combination  does  or  does  not  take  place, 
depends  more  upon  the  intensity  of  the  attraction  which  the 
unsaturated  atoms  exert  towards  each  other,  and  this  again 
upon  the  chemical  nature  of  the  two  atoms ;  ^  and  further, 
upon  the  external  conditions  under  which  they  are  brought  in 
contact — more  especially  is  this  true  with  regard  to  tempera- 
ture. Supposing  the  attraction  which  the  two  unsaturated 
atoms  A  and  B  exert  upon  each  other  is  less  than  that  exerted 
by  A  on  C,  then  it  may  happen  that  the  compound  A  C  is 
formed  under  conditions  of  temperature,  &c.,  which  do  not 
permit  of  the  formation  of  A  B.  Hence  it  would  be  erroneous 
to  conclude  that  A  does  not  contain  unsaturated  combining 
units  because  it  does  not  unite  with  the  unsaturated  atom  B. 
If  the  powers  of  attraction  which  A  possesses  are  in  general 
weak,  then  it  may  happen  that  it  can  only  combme  with 
a  few,  or  perhaps  only  one  other  element.  Nor  can  it  be 
definitely  stated  that  the  elements  chosen  in  such  exj)eriments 
are  the  right  ones,  or  that  the  conditions  under  which  the  ex- 
periments are  made  are  the  ones  required.  From  a  theoretical 
point  of  view  it  does  not  appear  at  all  impossible  that  an 
atom  or  a  radical  may  possess  affinities,  and  consequently 
exercise  attraction  on  others,  but  these  are  so  feeble  that  a 
saturation  of  them  under  the  conditions  of  our  experiment 
is  impossible.  If  such  an  extreme  case  were  to  occur,  then  it 
would  probably  escape  our  observation,  and  is  therefore  not 
of  special  interest.  The  possible  conception  of  such  a  case, 
however,  enables  us  to  recognise  the  inequality  in  value 
possessed  by  the  positive  and  negative  results  of  experiments 
made  with  the  object  of  determining  the  valency  of  the 

'  This  was  pointed  out  by  E.  Erlenmeyer  in  18G4.  {Zeitschrift  Chem.  u. 
Pharm.  vii.  629.) 
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elements.  Whilst  the  production  of  a  single  compound  is 
evidence  of  the  existence  of  combining  units,  yet  a  hundred 
fruitless  attempts  to  prepare  a  compound  can  never  be  re- 
garded as  showing  conclusively  the  absence  of  affinities. 

§  165.  In  the  case  of  the  majority  of  the  elements,  there 
are  no  compounds  the  molecular  weights  of  which  can  be 
determined,  and,  therefore,  in  many  cases  the  valency  of  the 
elements  must  be  deduced  from  the  stochiometric  composition 
of  those  compounds  containing  the  element  combined  with  mon- 
ovalent atoms  only.  In  such  cases  the  valency  is  represented 
by  the  greatest  number  of  monovalent  atoms  with  which  an 
atom  of  the  element  in  question  unites  to  form  a  compound. 

In  such  cases  also,  the  valency  may  be  found  to  be  too 
small,  for  the  compound  investigated  may  contain  several 
atoms  of  the  element  in  question,  united  with  one  another. 

For  example,  from  the  composition  of  its  highest  chloride, 
lead  would  appear  to  be  divalent,  whereas  from  the  molecular 
weight  of  the  methyl  compound  'Ph{C'R.^)^,  it  foUows  that  lead 
is,  in  reahty,  tetravalent.  This  apparent  contradiction  is  very 
easily  explained  by  the  supposition  that  lead  chloride  contains 
several  atoms  of  the  metal  united  to  one  another  by  two 
combining  units,  thus  : — 


From  this  example  it  is  clear  how,  from  our  ignorance  of 
the  molecular  weight  of  compounds,  we  may  easily  assign  too 
small  a  value  to  the  valency  of  an  element. 

Such  cases  are  not  infrequent,  and  the  ability  of  the  atoms 
of  the  elements  to  combine  with  one  another  may  be  suitably 
described  as  self-saturation. 

Iron  affords  another  instance  of  this  same  phenomenon 
of  self-saturation,  in  its  highest  chloride,  which  contains  three 
atoms  of  chlorine  combined  with  one  atom  of  iron.  Since  it 
has  been  found  that  the  molecular  weight  of  this  compound  is 
represented  by  the  formula  Fe^Clg  (§  23),  then  iron  must 
be  more  than  trivalent  in  this  compound.  For  if  each  atom 
of  iron  is  united  by  three  combining  units  to  three  atoms  of 


CI 


>Pb=Pb< 
/  \C1 


Cl^^rPb— Pb=Cl2 


or 


Cl2=Pb— Pb=Cl, 
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chlorine,  then  there  must  at  least  be  one  combining  unit  required 
to  hold  the  atoms  of  iron  together.  Whether  these  atoms  are 
held  together  by  more  than  one  combining  unit,  that  is  to  say, 
whether  iron  is  more  than  tetravalent,  cannot  be  decided  from 
the  above.  A  similar  statement  holds  good  of  aluminium,  the 
molecular  weight  of  the  chloride  of  which  has  been  fomid  to 
be  AkC\.' 

It  appears,  then,  from  these  examples,  that  in  those  cases 
where  the  molecular  weight  of  suitable  compounds  is  not 
known,  the  valency  of  an  element  of  known  atomic  weight 
may,  when  calculated  from  the  stochiometric  composition  of 
its  compounds,  be  found  too  small,  but,  as  a  rule,  not  too  great. 

In  order  to  avoid  the  errors  arising  from  the  ignorance  of 
the  molecular  weight,  in  all  cases  where  it  has  been  possible,- 
such  compounds  have  been  used  to  determine  the  valency  of 
an  element,  the  density  of  which  in  the  gaseous  state  could  be 
determined.  This  precaution  is  at  any  rate  justifiable  in  all 
cases  where,  as  in  the  case  of  lead,  the  valency  of  the  element 
deduced  from  the  compound  of  known  molecular  weight,  is 
greater  or  not  less  than  that  calculated  from  other  compounds. 

§  166.  But  it  has  often  happened  that  those  compounds 
which  volatilise  without  decomposition  have  been  used  ia 
preference  to  those  which  are  decomposed  by  volatilisation, 
even  in  such  cases  where  the  valency  as  deduced  from  them 
is  smaller  than  that  deduced  from  the  latter.  Kekule  notably 
has  rejected  all  those  compounds  of  nitrogen,  phosphorus, 
arsenic,  and  antimony  which  in  the  solid  or  liquid  state  con- 
tain five  monovalent  atoms  combined  with  one  atom  of  these 
elements,  but  which  in  the  conversion  into  the  gaseous  state 
are  resolved  into  two  atoms  of  the  monovalent  element  and 
compounds  containing  three  atoms  of  the  monovalent  elements 
united  to  one  atom  of  the  elements,  nitrogen,  &c.  In  a 
similar  way,  in  determining  the  valency  of  sulphur  and  its 
alhed  elements,  this  chemist  has  rejected  all  those  compounds 
containing  more  than  two  monovalent  atoms. 

The  views  adopted  by  Kekule  possess  two  great  ad- 
vantages, first,  according  to  these  views  the  valency  of  the 

'  From  other  properties  of  this  element,  which  will  be  described  later  on, 
it  would  appear  that  its  atom  ia  only  trivalent. 
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elements  is  only  deduced  from  compounds  of  known  molecular 
weight,  and  consequently  the  law  of  atomic  linking  is  not 
appHed  to  those  compounds,  from  the  composition  of  which  it 
cannot  be  deduced ;  secondly,  all  those  compounds  in  which 
the  elements  appear  to  possess  a  higher  valency  than  in  any 
of  then-  gaseous  compounds,  are  brought  together  under  one 
common  head,  a  position  which,  at  least  in  many  cases, 
without  doubt  is  perfectly  justifiable.  Later  observations 
have  shown,'  however,  that  Kekule  had  extended  his  views  too 
far  by  applying  them  to  compounds  which  are  now  regarded 
as  undoubtedly  containing  the  atoms  linked  by  single  com- 
bining rniits. 

Whilst,  for  instance,  the  existence  of  well-characterised 
compounds,  such  as  ammonium  chloride  (NH^Cl),  phospho- 
nium  bromide  and  iodide  (PH^Br,  PH^I),  phosphorus  penta- 
chloride  and  pentabromide  (PClg,  PBrg) ,  antimony  pentachloride 
(SbClj),  and  others  containing  five  monovalent  atoms  combined 
with  one  element  of  the  atom  in  question,  led  Gerhardt '  and 
Couper  2  to  regard  nitrogen  and  analogous  elements  as  penta- 
valent  in  a  series  of  compounds ;  Kekule,^  on  the  other  hand, 
holds  that  in  those  compounds  decomposed  on  volatilising,  the 
combination  is  not  produced  by  the  same  kind  of  forces  as 
those  holding  the  atoms  together  in  the  molecules  of  gaseous 
compounds,  but  is  due  to  the  attraction  exerted  by  the  atoms 
of  the  closed  molecule  NH3  on  those  of  the  molecule  HCl,  or 
of  the  atoms  in  the  molecule  of  PCI3  on  those  of  the  molecule 
CI2  and  so  on.  In  other  words  Kekule  does  not  regard  these 
compounds  with  five  monovalent  atoms  as  correctly  repre- 
sented by  the.  formulae  :  — 


'  TraiU  de  Chimie  Orgaivique,  iv.  608,  note. 
2  Ann.  Chim.  phys.  [3]  1858,  53,  p.  488. 

2  In  various  places  in  his  Lchrh.  dcr  organ.  Chcmie,  e.g.  pp.  142,  143,  145. 
A  synopsis  of  these  views  will  be  found  in  the  reply  to  Naquet,  Covmi  'rend 
1864.  Iviii.  510. 
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but  as  due  to  the  juxtaposition  of  two  molecules  in  the  follow- 
ing manner — 

/H    H  /CI    CI  /CI  CI 

N^H     I  P^Cl     I  Sb^Cl  I 

CI  ^Cl    CI  ^Cl  CI 

These  compounds  are,  therefore,  considered  as  analogous 
to  double  salts,  to  the  compounds  of  salts  and  other  sub- 
stances with  water  of  crystallisation,  m  short  with  a  large 
number  of  compounds  which  chemists  have  from  the  earUest 
times  regarded  as  formed  by  the  union  of  several  closed 
molecules. 

Kekule  consequently  has  styled  compounds  of  this  kind  as 
*  molecular,'  in  contradistinction  to  the  '  atomic  '  compomids. 
These  views  have  found  many  supporters. 

The  contention  between  these  opposmg  views  was  at  first 
especially  complicated,  inasmuch  as  many  of  the  supporters  of 
the  views  of  Couper  disputed  the  alleged  decomposition  of  the 
compounds  in  question  in  their  conversion  into  the  gaseous 
state.  Although  the  occurrence  of  this  decomposition  has 
been  undoubtedly  proved,  still  on  the  other  hand  observations 
have  been  made  '  proving  that  mider  certain  conditions  some 
of  the  compomids  with  five  monovalent  atoms,  more  especially 
PCI5  and  PF5,  can  exist  in  the  gaseous  state,  and,  therefore, 
there  are  no  reasons  for  denying  a  pentavalency  to  the  atom 
of  phosphorus  contained  in  them. 

Accordingly,  if  the  compounds  of  phosphorus  with  five 
monovalent  atoms,  although  partially  decomposed  by  the 
conversion  into  vapour,  give  the  correct  valency  of  the  phos- 
phorus atom,  the  same  will  probably  be  found  to  be  true  of 
the  closely  alHed  elements  nitrogen  and  arsenic,  although  the 
pentavalent  compounds  of  these  elements  in  conversion  into 
vapour  decompose  into  trivalent  compounds. 

These  and  similar  examples  show  that  in  determining  the 
valency  of  an  element,  all  non-volatile  compounds  should  not 
be  disregarded,  as  otherwise  the  valency  of  the  elements  would 
often  be  found  too  low. 

Although  for  a  large  series  of  compounds  the  views  of 

'  Vide  §§31  and  90. 
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Kekule  cannot  at  present  be  altogether  dispensed  with,  yet, 
on  the  other  hand,  there  is  a  danger  of  attributing  too  high 
a  vakie  to  the  valency  of  elements,  from  the  study  of  non- 
gaseous molecular  addition  compounds. 

§  167.  Various  explanations  may  be  given  of  the  fact  that 
an  atom  holds  certain  atoms  more  strongly  than  others  of 
the  same  kmd.  It  is  possible  that  the  atoms  of  these  elements 
possess  stronger  and  weaker  affinities,  of  which  only  the 
former  are  in  the  position  to  attract  other  atoms  contained  in 
gaseous  molecules.  But  it  is  also  possible  that  all  the  affini- 
ties possess  the  same  power,  but  that  owing  to  the  saturation 
of  some  of  them,  the  intensity  of  the  others  is  thereby 
weakened  to  such  a  degree,  that  they  can  no  longer  form 
compounds.  Finally,  it  is  also  conceivable  that  the  affinities 
are  all  equally  powerful,  but  that  the  positions  or  directions  in 
which  they  tend  to  hold  the  atoms  of  other  elements,  are 
owing  to  the  motion  of  the  molecule  submitted  in  varying 
extent  to  the  influence  of  the  centrifugal  force  and  other  forces 
and  motions  opposed  to  the  holding  together  of  the  atoms,  so 
that  the  atoms  are  propelled  from  some  of  these  positions  or 
along  certain  lines,  and  on  the  other  hand  are  held  fast  in 
other  positions  and  directions. 

Each  of  these  three  modes  of  explanation  appears  to  be 
permissible. 

The  question  as  to  whether  the  affinities  of  one  and  the 
same  atom,  and  consequently  the  forces  of  attraction  with 
which  it  tends  to  combine  with  these  atoms,  are  completely 
equivalent,  or  whether  they  differ  in  intensity  and  perhaps  in 
quahty  also,  is  one  which  is  by  no  means  so  easily  answered 
as  might,  at  first  sight,  be  supposed. 

First  of  all  it  has  not,  as  has  already  been  pointed  out  in 
§  108,  been  shown  whether  what  we  style  the  affinities  or 
combining  units  of  an  atom,  are  in  reality  individual  and 
distmct  forces,  tending  to  bring  the  atoms  upon  which  they 
act  mto  certain  relations  in  space  relative  to  the  atom  attract- 
ing them.  If  a  horse-shoe  magnet  can  carry  a  load  of  four 
pounds,  then  we  are  not  justified  m  representing  it  as  pos- 
sessing four  individual  forces  of  attraction  each  amounting 
to  one  pound.    But  we  can  imagine  a  combination  of  two 
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magnets  laid  across  one  another,  of  which  each  of  the  four 
poles  can  carry  one  pound  but  no  more.  We  are  still  not  in 
a  position  to  say  whether  the  forces  of  attraction  of  a  tetrava- 
lent  atom  resemble  the  former  magnetic  action  more  than  the 
latter.  Assuming  there  are  as  many  single  forces  as  the 
combining  units  exhibited  by  the  atom,  then  from  the  obser- 
vation that  a  polyvalent  atom,  e.g.  P,  gives  up  more  easily 
than  others  certain  of  the  atoms  with  which  it  can  unite,  e.g. 
Clg  from  PClg,  we  cannot  conclude  at  once  that  combining 
units  are  unequal.  For  the  saturation  of  some  of  the  equally 
strong  forces  of  attraction  may  suffice  to  change  the  power  of 
the  remaining  ones,  the  atoms  aheady  combined  may  be  in 
the  way  of  others ;  further,  the  increase  in  molecular  weight 
produced  by  the  addition  of  new  atoms  wiU  change  the  motion 
of  the  molecule  and  perhaps,  in  consequence,  its  coherence ; 
the  single  atoms  may  also  be  differently  affected  by  the 
rapid  motion  of  the  molecule,  especially  by  the  centrifugal 
force,  and  consequently  their  separation  will  be  more  or  less 
facilitated. 

On  the  contrary  it  has  always  been  rightly  supposed,  that 
the  difference  of  the  combming  units  of  an  atom  would  be 
proved  or  rendered  probable,  if  two  isomeric,  not  identical 
compounds,  could  be  prepared  containing  an  atom  of  a  given 
element  combmed  with  several  atoms  of  another  element,  so 
that  the  difference  of  properties  could  only  be  due  to  the  dif- 
ferent mode  of  combmation  of  identical  atoms.    It  was  for- 
merly supposed  that  some  isomerides  of  this  character  were 
known,  e.g.  two  compounds  having  the  composition  CH3CI 
were  thought  to  exist,  and  hence  the  difference  in  the  com- 
bining units  of  one  and  the  same  carbon  atom  was  regarded 
as  demonstrated.  When,  however,  it  was  recognised  that  the 
observations  from  which  the  existence  of  these  isomerides  had 
been  concluded  were  based  on  error,  and  that  the  substances 
regarded  as  isomeric  were  moreover  identical,  then  the  accept- 
ance of  such  differences  in  the  combining  units  appeared  super- 
fluous and  was  almost  universally  abandoned.  The  possibility 
of  the  existence  of  such  was  nevertheless  repeatedly  assumed, 
although  many  of  the  experiments  made  with  the  view  of 
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adducing  experimental  proof  yielded  but  negative  results.^ 
Even  at  the  present  day  such  isomerides  are  sought  amongst 
the  numerous  compounds  containing  one  single  polyvalent 
atom  combined  directly  with  all  the  other  atoms.  We  only 
know  one  of  each  of  the  compounds  having  the  following 
composition,  CH3CI,  CHgClg,  CHCI3,  CHgBr,  &c.  In  the  case 
of  other  elements  isomerism  of  this  character  has  hitherto 
been  unobserved.  Supposing  the  atom  of  phosphorus  to 
possess  three  strong  and  two  weaker  combining  powers,  then 
each  of  the  compounds  POCI3,  POBrg,  PSCI3,  PSBrg,  &c. 
might  be  expected  to  exist  in  three  isomeric  forms,  according 
as  the  oxygen  or  sulphur  atom  is  attached  by  two  strong,  two 
weaker,  or  one  strong  and  one  weak  combining  unit.  Hitherto 
nothing  of  the  kind  has  been  observed. 

In  the  past  few  years,  however,  besides  some  few  observa- 
tions which  have  excited  considerable  opposition,  others  of 
unquestionable  accuracy  have  been  made,  showing  that  under 
some  conditions  a  polyvalent  element  may  combine  with  mono- 
valent radicals  {i.e.  atomic  groups)  in  such  a  manner  as  to 
produce  several  compounds  of  identical  composition,  which 
are  not  identical  but  only  isomeric  with  one  another.  Such 
observations  have  been  made  in  the  case  of  the  elements 
sulphur  and  nitrogen. 

§  168.  In  continuing  a  series  of  investigations  first  suggested 
by  Kolbe,  Kriiger  observed  that  the  compound  of  ethyl  sulphide 
with  methyl  iodide  differs  from  the  compound  produced  by 
the  combination  of  ethyl  methyl  sulphide  with  ethyl  iodide  ; 
and  consequently  there  are  two  isomeric  compounds,  the  com- 

Me 

position  of  which  is  expressed  by  the  formula  Et — S— Et. 

I 

I 

The  difference  could  not  be  shown  in  the  compounds  them- 
selves, which  were  with  difficulty  purified,  but  was  shown  to 
exist  in  the  physical  properties  of  certain  double  salts  which 
these  compounds  formed  with  metals;  from  these  observed 

'  For  a  complete  and  historical  account  of  the  theoretical  and  experimental 
investigation  of  this  question,  vide  W.  Lossen  {Annalen,  1877,  clxxxvi.  55-76). 
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dilferences  Kriiger  concluded  that  the  four  combining  units  of 
the  atom  of  sulphur  are  not  identical. 

Some  thirty  years  after  A.  W.  Hofmann  ^  had  experi- 
mentally investigated  the  question  as  to  whether  it  was  pos- 
sible to  distinguish  which  of  the  hydrogen  atoms  in  ammonia 
was  eliminated  and  replaced  by  a  radical.  W.  Lossen  made 
the  remarkable  observation  that  in  hydroxylamine,  NOH3 
(a  compound  discovered  by  Lossen)  by  the  substitution  of 
three  hydrogen  atoms  by  two  kinds  of  acid  radicals  E'  and 
E",  a  large  number  of  isomeric  compounds  are  produced, 
whereas  according  to  the  knowledge  hitherto  attained  as 
regards  the  mode  of  combination  of  the  atoms,  only  one  such 
compound  could  be  predicted  Lossen  found  that  by  the  in- 
troduction of  one  radical  twice  and  the  other  once,  from  six  to 
nine  isomeric  compounds  were  produced,  differing  from  one 
another  in  their  crystalline  form,  melting-point,  solubihty, 
and  other  properties.  These  compounds  are  resolved  into 
three  different  groups,  the  production  of  which  is  determined 
by  the  order  in  which  the  radicals  are  substituted  in  the 
molecule.  This  is  represented  in  the  followmg  table,  in  which 
the  position  of  E  represents  the  order  in  which  the  radical 
indicated  by  it  has  been  introduced : — 

NE'HHO  -f  HCl 
NE'E'HO  +  HCl 
NE'E'E'^O  +  AgCl 

NE'E^'HO  +  HCl 
NE'E''E'0  +  AgCl 

NE''HHO  +  HCl 
NE^E'HO  +  HCl 
NE'^E'E'O  +  AgCl 

The  products  of  the  three  modes  of  preparation,  viz. : 

I.  II.  III. 

NE'E'E"0  NE'E"E'0  NE^E'E'O 

differ  not  only  in  their  physical  properties,  but  also  exhibit 
very  distinct  differences  in  their  chemical  behaviour.  For 

'  Annalen,  1850,  Ixxiv.  158. 


NHHHO    -f  E'Cl  = 
I.  NE'HHO    +  E'Cl  = 
NE'E'AgO  +  E"C1  = 

-r  NE'HHO    -f  E"C1  = 

•  NE'E"AgO  -f  E'Cl  = 

NHHHO  +  E"C1  = 
J  NE"HHO  -f  E'Cl  = 

•  NE"E'AgO  +  E'Cl  = 
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example,  when  treated  with  aqueous  hydrochloric  acid  the 
radical  which  was  the  last  to  be  introduced  is  the  first  to  be 
elimmated,  as  follows :  — 

NE'K^'E'O  +  HOH  =  NE'E"HO  +  E'OH 
NE'E'E"0  +  HOH  =  NE'E'HO  +  E^'OH 

The  nature  of  the  radical  which  is  removed  is  of  influence 
only  so  far  as  it  serves  to  increase  or  lessen  the  ease  of  the 
decomposition.  For  example,  the  compound  is  more  easily 
and  quickly  decomposed  when  the  '  anisyl '  group.  An  = 
—  CO.CgH^.OCHg,  is  m  the  third  place  than  when  this  position 
is  occupied  by  the  '  benzoyl '  group,  Bz  =  -  CO  —  CgHg. 
Alkahs  remove  the  radical  introduced  at  the  second  stage 
first,  and  if  this  radical  is  '  benzoyl,'  then  it  alone  is  removed, 
e.g.— 

mzBzAnO  +  KHO  =  mzKAnO  +  KOBz. 
H^iAnBzAnO  +  KHO  =  N^wH^wO  +  KOBz. 

^  If  the  '  anisyl '  group  occupy  the  second,  and  benzoyl  the 
thu-d  position,  then  the  former  is  removed  in  smaller  quantity, 
and  the  latter  in  larger  quantities. 

Chief  reaction  i^^^^^^^zO  +  KHO  =  mzAnRO  +  KOBz 
[l^AnAnBzO  +  KHO  =  l^AiiBzRO  +  KOBz 

^BzAnBzO  +  KHO  =  '^Bz'RBzO  +  KOAn 
;^AnAnBzO+  KHO  =  N^wHB^O  +  KOAn 

If,  however,  benzoyl  occupies  the  first  position  alone,  then 
it  retains  its  place — 

'^BzAnAnO  +  KHO  =  ^BzILAnO  +  KOAn. 

The  compounds  produced  by  these  reactions— viz.,  the 
substitution  of  H  for  the  radical  occupying  the  second  position, 
which  are  represented  by  the  formula  NE'HE"0— are  not 
isomeric  but  identical  with  those  formed  by  two  stages  of 
substitution,  and  represented  in  the  foregoing  passao-e  by 
the  formula  NE'E''HO ;  thus,  for  example,  N^^H^nO  is 
identical  with  '^BzAnHO. 

The  astonishing  multiplicity  of  the  substitution  products 
of  hydroxylamme  is  greatly  increased  by  the  observation  that 
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each  of  the  compounds  of  the  types  NE'R'II"0,  NR'R^'R'O, 
and  NE"R'R'0  have  been  found  to  exist  in  two  or  three 
isomeric  forms,  which  Lossen  has  distinguished  as  the  a,  /9, 
and  7  modifications.  These  differ  more  especially  m  theur 
physical  properties  and  to  some  extent  in  their  chemical 
behaviour,  namely,  in  thek  greater  or  less  resistance  to 
chemical  reagents.  Isomerism  of  this  character  has  been 
observed  even  when  all  the  three  hydrogen  atoms  are  replaced 
by  one  and  the  same  radical ;  thus  there  are  three  different 
tribenzoyl  hydroxylamines  'i^BzBzBzO,  which  are  also  distin- 
guished as  a,  )S,  and  7  modifications. 

§  169.  The  observations  described  in  the  last  section 
have  led  to  a  reiteration  of  the  view  which  has  been  aban- 
doned by  the  majority  of  chemists,  namely,  that  the  affinities 
of  polyvalent  elements  differ  from  one  another.  This  view  at 
all  events  appears  to  be  the  most  simple  explanation  of  these 
remarkable  observations;  its  acceptance  does  not,  however, 
by  any  means  finally  settle  the  question. 

First  of  all,  it  must  be  remarked  that  hitherto  not  a  single 
instance  is  known  in  which  smgle  atoms  and  not  radicals  are 
combined  in  several  ways  by  other  atoms,  but,  so  far  as  our 
knowledge  extends  it  would  appear  that  the  replacement  of 
radicals  by  single  atoms  suffices  to  destroy  the  isomerism. 
In  order  to  explain  this  fact,  we  must  suppose  that  m  simple 
compounds  only  one  single  position  of  the  atom  is  stable,  and 
that  in  the  production  of  such  compounds  the  atom  contmues 
to  alter  its  place  until  it  has  attained  this  position.  There  is 
but  little  probability  in  favour  of  such  movements  since  these 
so-called  '  changes  of  place '  occur  but  seldom  at  the  ordinary 
.  temperature,  and  only  at  high  temperatures  do  they  occur  with 

greater  frequency. 

But  in  order  to  explain  the  identity  of  NR'HR"0  and 
NR'R"HO,  mentioned  in  §  168,  we  must  suppose  even  in  the 
case  of  radicals  that  this  change  of  position  takes  place  very 
easily,  smce  the  last  radical  introduced  must  take  up  the 
position  of  the  second  unmediately  after  its  removal.  Our 
knowledge  of  the  alterations  in  atomic  linkings  does  not,  how- 
ever, accord  very  well  with  such  a  supposition. 

It  must  not  be  forgotten  that  the  acceptance  of  a  difference 
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in  the  combining  capacities  of  an  atom  would  lead  us  to 
expect  in  some  cases  a  larger,  and  in  other  cases  a  smaller, 
number  of  isomerides  than  found  by  actual  observation.  For 
instance,  we  may  take  either  of  the  following  formulfe  for 
hydroxylamine : — 


and  still  the  formation  of  three  isomeric  products  formed  by 
substituting  E',  E'  and  E"  for  H  appears  possible. 

These  may,  as  Lossen  supposed,  be  the  compounds  denoted 
in  foregoing  sections  with  the  signs  i.  n.  and  iii. 

The  explanation  fails  in  the  case  of  the  three  modifications 

^,  y  which  are  also  known  when  the  radicals  E  are 
identical ;  it  may  still  be  supposed  that  the  oxygen  atom 
changes  its  position.  Accepting  this  not  altogether  incon- 
ceivable supposition,  then  from  the  first  of  the  above  formulae 
nine  isomerides  would  be  expected  having  the  composition 
NE'E'E"0,  and  from  the  second  thirty :  but  just  as  in  the 
case  of  the  three  modifications,  so  also  with  the  ten  hydroxyl- 
amines,  the  non-existence  of  which  can  again  only  be  explained 
as  arisiQg  from  an  immediate  inter-molecular  change. 

To  the  a,  ^,  7  modifications  one  might  apply  the  frequently 
used  expedient,  and  style  them  '  physical  isomerides,'  placing 
them  in  a  position  parallel  to  the  numerous  cases  known 
under  various  names  as  *  allotropic  modifications,'  '  polymor- 
phous conditions,'  that  is  to  say,  they  would  be  regarded  as 
forms  of  aggregation,  the  differences  of  which  arise  not  from 
the  mode  of  combuiation  of  the  atoms,  but  are  supposed  to  be 
produced  by  the  different  modes  of  juxtaposition  of  molecules 
identical  with  one  another.  But  on  the  one  hand  these  modi- 
fications do  not  possess  the  character  of  true  physical  isome- 
rides :  1  as  a  rule  they  cannot  be  converted  into  one  another, 
and  when  the  conversion  is  possible  it  can  only  be  accomphshed 
with  difficulty.  Further  these  isomerides  exhibit  no  inconsider- 
able differences  m  then:  chemical  behaviour.  On  the  other 
hand,  it  is  not  easily  perceived  why  one  should  introduce  a 

'  0.  Lehmann,  '  Ueber  physikaligcho  Isomerie,'  Ingug.  Diss.  Strassbum 
1876,    Zeitschrift,  1877,  97,  ^^^omg, 
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new  hypothesis,  which  predicts  the  existence  of  more  isomerides 
than  we  know,  when  we  hesitate  to  use  it  consistently  in 
explainuig  other  instances  known  to  us. 

As  the  matter  stands  at  present,  it  remains  at  any  rate 
doubtful  whether  or  not  the  supposition  does  not  suffice  that 
the  combining  capacities  of  the  atoms  are  equal,  and  that  the 
cause  of  the  above-mentioned  isomerism  is  rather  to  be  sought 
in  the  radicals  combmed  with  the  polyvalent  atom  than  in  the 
forces  which  hold  them  in  combination.  If  we  accept  changes 
in  the  atomic  linking  of  the  atoms  forming  the  radicals,  then 
the  hypothesis  suffices  to  explain  the  special  case  of  hydroxyl- 
amine.  Lessen  ^  has  already  pointed  this  out,  but  at  the 
same  time  truly  remarked  that  the  use  of  such  a  special 
hypothesis  is  of  but  little  value.  But  we  are  in  a  position 
to  form  a  conception,  which  may  be  applied  to  all  hitherto 
observed  cases  of  isomerism,  and  which  will  meet  the  present 
views  of  molecular  physics. 

When  a  polyvalent  atom  combines  with  several  monovalent 
atoms  then  each  of  the  latter  will  occupy  a  fixed  position  of 
equilibrium  relative  to  the  former.  If  one  of  the  monovalent 
atoms  be  replaced  by  a  polyvalent  one,  which  is  itself  a  con- 
stituent of  a  radical,  then  this  polyvalent  atom  will  strive  to 
occupy  the  place  of  the  atom  it  replaces,  and  at  the  same  time 
will  take  with  it  the  other  atoms,  which  are  also  constituents 
of  the  radical.  If  a  second  and  third  radical  are  introduced, 
the  same  phenomena  are  repeated,  so  far  as  the  atoms  aheady 
introduced  do  not  close  up  or  narrow  the  space.  It  may 
possibly  arise  that  the  atom  by  means  of  which  the  combi- 
nation is  brought  about  cannot  thoroughly  attain  the  position 
to  which  the  combining  capacity  strives  to  brmg  it,  and  hence 
it  will  be  less  strongly  combined.  If  the  motion  of  the  atoms 
and  also  that  of  the  entire  molecule  are  taken  into  consider- 
ation, then  the  hypotheses  and  conceptions  at  present  in  use 
suffice  to  explain  why  one  of  two  radicals  for  which  the  force 
of  attraction  is  identical  is  more  easily  removed  than  the  other. 

It  is  avowedly  more  simple  to  suppose  the  combining  capa- 
cities, as  the  attractions  of  the  atoms  are  styled,  to  be  different. 
In  preferring  this  view  it  must  not  be  forgotten  that  but  Httle 

»  Op.  cit.  186,  49. 
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advance  is  gained ;  for  this  hypothesis  is  little  more  than  a 
restatement  of  the  fact  that  one  radical,  for  example,  is  more 
feebly  combmed  than  another.  The  commencement  of  a  real 
knowledge  will  be  first  attained  when  we  have  learnt  to  recog- 
nise the  single  combinmg  capacities  and  to  distinguish  their 
action  fi-om  that  of  others.  We  should  therefore  have  a  repe- 
tition in  a  new  but  more  difficult  form  of  the  problem  of 
orientation,  which  in  the  case  of  the  aromatic  compounds  has 
been  already  brought  to  a  considerable  state  of  perfection. 

§  170.  Before  attempting  to  determine  the  capacity  of 
saturation  or  valency  of  all  known  elements,  it  is  first  of  all 
necessary  to  answer  the  question  whether  the  valency  of  an 
element  may  vary  with  regard  to  different  elements,  or 
whether  the  same  number  of  combining  units  exists  in  all  cases. 

If  the  stochiometrical  composition  of  different  compounds 
found  empu'ically  be  alone  regarded,  then  one  might  be 
inclined  to  regard  this  difference  as  requking  no  further 
proof,  for  the  number  of  combining  capacities  of  different 
elements,  which  appear  in  their  combinations  with  a  certain 
fixed  atom  to  be  saturated  by  it,  is  very  variable.  But  re- 
membering the  views  propounded  m  §  164,  that  the  production 
and  the  stability  of  compounds  is  not  alone  dependent  upon 
the  presence  of  combining  powers,  but  is  also  influenced  by 
the  strength  and  intensity  of  these,  and  in  such  a  manner 
that  when  their  intensity  is  feeble  under  specially  favourable 
circumstances  only  may  an  element  possibly  form  a  com- 
pound corresponding  to  its  valency.  The  differences  observed 
in  the  composition  of  single  compounds  should  not  immediately 
be  attributed  to  changes  in  the  valency,  but  an  attempt  should 
be  made  to  find  in  each  case  whether  the  limit  of  combming 
power  of  any  particular  element  with  another  is  not  in  reality 
due  to  the  low  intensity  rather  than  to  the  entire  absence  of 
other  combining  capacities.  It  is  at  present  impossible  to 
decide  this  question  absolutely,  yet  it  may  be  decided  with  a 
considerable  degree  of  probability. 

Further,  since  elements  which  resemble  one  another  do  as 
a  rule  form  compounds  having  analogous  composition,  and 
are  to  be  distinguished  from  one  another  only  in  cases  where 
their  combining  capacities  for  the  particular  element  are  at 
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all  feeble,  then  we  may  with  tolerable  certainty  attribute  such 
deviations  to  feeble  intensity  in  the  combining  capacities. 

The  numerous  analogies  exhibited  by  the  compounds 
which  the  elements  form  with  fluorine,  chlorine,  bromine,  and 
iodine,  lead  to  the  conclusion  that  each  element  possesses  the 
same  valency  towards  each  one  of  these  haloid  elements  ;  and 
further,  that  when  in  case  of  one  particular  element,  for 
example,  the  iodine  compound  corresponding  to  the  highest 
chlorine  compound  of  an  element  is  wanting,  this  want  may 
be  attributed  to  the  more  feeble  affinity  of  this  element 
towards  iodine,  in  consequence  of  which  it  is  unable  to  retain 
in  combination,  under  the  conditions  at  which  the  highest 
chloride  exists  {e.g.  PCI5  and  FeaClg)  a  number  of  atoms  of 
iodine  equal  in  number  to  those  of  chlorine. 

If  from  the  non-existence  of  phosphorus  penta-iodide  we 
should  draw  the  conclusion  that  phosphorus  has  another 
nature  as  regards  iodine,  in  fact  that  it  is  a  trivalent  element, 
then  since  the  stability  of  the  compounds  PFg,  PCI5,  PBrg 
gradually  decreases  from  the  fluoride  to  the  bromide,  so  in  order 
to  express  oneself  quite  accurately  we  ought  to  say  that  in  PFg 
the  phosphorus  is  completely  pentavalent,  but  in  PCI5  it  is 
begmning  to  become  trivalent,  and  in  PBtj  its  trivalent  nature 
is  more  in  the  ascendency,  until  finally  in  PI3  it  is  entu-ely 
trivalent. 

It  is  well  known  that  the  oxides  and  sulphides  of  the 
majority  of  elements  correspond  to  their  haloid  compounds, 
containing  for  every  two  atoms  of  fluorine,  chlorine,  &c., 
one  atom  of  oxygen  or  sulphur,  and  the  hydroxides  and 
sulphydrates  one  '  OH  '  and  '  SH  '  group  for  every  chlorine 
atom.  There  are  elements  the  oxides  of  which  contain  more 
oxygen,  sulphur,  &c.,  than  corresponds  to  the  composition 
of  their  highest  chlorides.  For  example,  the  highest  chloride 
of  sulphur,  selenium,  and  tellurium  contains  four  atoms  of 
chlorine,  whilst  from  the  composition  of  their  oxides  and 
hydroxides  we  should  expect  the  highest  chlorides  to  contain 
six  atoms  of  chlorine.  The  tetrachlorides  are  easily  re- 
solved into  lower  chlorides  and  free  chlorine,  in  the  case  of 
sulphur  tetrachloride  (SCIJ  this  change  takes  place  at  tem- 
peratures below  the  freezing  point,  and  further,  the  triosides 
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give  off  the  third  atom  of  oxygen  with  comparative  ease,  and 
the  corresponding  hydroxides  are  not  volatile  without  decom- 
position ;  such  facts  mdicate  that  the  non-existence  of  hexa- 
chlorides  may  be  attributed  to  the  feebleness  and  not  the 
absence  of  the  fifth  and  sixth  combming  unit.  This  is  all 
the  more  probable  inasmuch  as  the  element  tungsten,  which 
resembles  these  elements  in  the  composition  of  its  highest 
oxide,  forms  a  hexachloride  which  easily  loses  one  atom  of 
chlorine,  whilst  molybdenum  and  chromium,  elements  more 
nearly  related  to  sulphur,  can  combine  with  not  more  than 
five  and  three  atoms  of  chlorine  respectively. 

From  analogy  it  would  appear  probable  that  in  the  seventh 
group  the  non-existence  of  the  chlorides,  &c.  corresponding  to 
the  highest  oxides  and  hydroxides  (periodic  acid,  &c.)  arises 
from  the  feebleness  of  the  af&nity  of  the  halogens  for  each 
other,  but  even  these  elements  form  compounds  in  which  they 
act  as  polyvalent  to  each  other. 

§  171.  The  matter  is  totally  different  when  those  compounds 
are  considered,  which  the  strongly  negative  elements  of  the 
chlorine  and  sulphur  groups  form  with  positive  elements,  with 
hydrogen,  or  the  metals.  Amongst  the  many  hundred  such 
compounds  there  is  not  a  single  one  to  be  found  which  would 
necessitate  that  chlorine,  bromine,  and  iodine  should  be 
regarded  otherwise  than  monovalent,  and  sulphur,  selenium, 
and  tellurium  than  divalent. 

These  relations  must,  therefore,  lead  to  the  conclusion 
that  chlorine,  bromine,  and  iodine  act  as  monovalent  elements 
with  regard  to  the  more  electropositive  elements,  such  as 
hydrogen  and  the  metals,  but  are  polyvalent,  and  probably 
heptavalent  with  regard  to  negative  elements  such  as  oxygen  ; 
similarly  that  sulphur,  selenium,  and  tellurium  are  divalent 
towards  more  positive  elements,  and  hexavalent  with  regard 
to  oxygen.  Fluorine  and  oxygen  would  in  all  probability 
exhibit  similar  properties  if  it  were  possible  to  combine  them 
with  elements  still  more  positive  than  they  themselves. 

The  nitrogen  and  phosphorus  group  similarly  show  a 
different  behaviour  toward  more  positive  elements.  These 
elements  are  essentially  trivalent  as  regards  hydrogen  and  the 
metals.    Ammonia,  Nlig,  and  phosphorus  hydride,  PHg,  can 
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certainly  combine  with  a  fourth  atom  of  hydrogen  ;  but  only 
when  this  is  already  attached  to  a  strongly  negative  element, 
such  as  chlorine  or  iodine.  As  regards  oxygen  all  the 
elements  of  this  group  are  apparently  pentavalent,  and  some 
of  them  as  regards  chlorine  also. 

Carbon  and  the  elements  associated  with  it  are  on  the 
other  hand  usually  tetravalent,  whether  they  are  combined 
with  other  strongly  positive  elements,  or  with  negative  ele- 
ments, such  as  oxygen,  chlorine,  &c. 

In  the  case  of  the  metals  there  are  at  present  no  reasons 
for  supposing  such  a  difference  in  their  behaviour  toward 
more  positive  or  more  negative  elements.  It  is,  however, 
worthy  of  remark  that  the  few  hydrides  of  the  metals  which 
are  known  have  not,  as  a  rule,  a  composition  analogous  to 
that  of  the  chlorides. 

§  172.  The  conclusion  drawn  from  analogous  behaviour  of 
the  elements  would  still  leave  room  for  considerable  doubt,  were 
it  not  for  the  fact  that,  like  most  of  the  properties  of  the  atoms, 
the  valency  or  capacity  of  saturation  of  the  atoms  is  a  periodic 
function  of  the  atomic  weight.  The  valency  in  the  series  of 
the  natural  families  of  the  elements  changes  regularly  from 
each  to  the  next  following  family.  Since  the  corresponding 
members  of  these  families  follow  one  another  in  the  series  of 
atomic  weights,  then  it  follows  that  in  this  series  also  the 
valency  changes  regularly  from  member  to  member.  Starting 
from  the  maximum  of  atomic  volume  we  have  the  following 
example  of  this  regularity ; — 


(Towards  Positive  Elements) 

Monovalent 

Divalent 

Trivalent 

Tetravalent 

Trivalent 

Divalent 

Monovalent 

Li 

Be 

B 

C 

N 

0 



F 

LiCl 

BeCl2 

BCI3 

CH, 

NH3 

OH, 

FH 

This  same  regularity  is  repeated  in  the  compounds  of  those 
elements  which  follow  fluorine  : — 


(Towards  Positive  Elements) 

Monovalent 

Divalent 

Trivalent 

Tetravalent 

Trivalent 

Divalent 

ilonovalent 

Na 

Mg 

Al 

Si 

P 

S 

CI 

NaCl 

MgCl, 

AICI3 

SiH^ 

PH3 

SH, 

CIH 
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It  is  worthy  of  notice  that  the  valency  of  lithium,  sodium, 
beryllium,  and  magnesium  accepted  in  the  above  is  that 
deduced  from  the  quantitative  composition  of  their  compounds 
of  unknown  molecular  weight.  Consequently  it  is  probable 
that  the  valency  so  accepted,  i.e.  the  apparent  valency,  is 
identical  with  the  real.  But  it  is  noticeable  that  in  order  to 
retain  the  same  regularity  in  the  second  series  as  that  ex- 
hibited in  the  first,  the  apparent  valency  of  aluminium  must 
be  used,  and  its  atom  must  be  considered  as  trivalent,  whilst 
the  molecular  weights  of  its  volatile  compounds,  AlgClg,  AlgBrg, 
Algig  {vide  §  114)  show  that  it  must,  at  least,  be  tetravalent. 

Eegularities  of  a  similar  character  are  found  when,  instead 
of  the  compounds  with  the  positive  element  hydrogen,  those 
with  the  negative  element  chlorine  are  considered.  Thus  for 
the  elements  comprising  the  sixth  horizontal  series  in  the 
table  in  §  61  we  have  the  following  : — 


AgCl 

CdCl^ 

InCls 

SnCl, 

SbCla 
SbClj 

TeClj 
TeCl, 

ICl 
ICI3 

Those  chlorides  in  the  upper  line  in  this  table  may  be  vola- 
tilised without  decomposition,  whilst  those  in  the  lower  line 
are  decomposed  when  converted  into  vapour. 

§  173.  The  greatest  regularity,  as  was  first  pointed  out  by 
Mendelejeif,'  is  to  be  found  in  the  composition  of  the  oxides, 
which,  with  few  exceptions,  changes  in  a  regular  manner  with 
increase  in  atomic  weight.  As  a  general  rule  it  is  found  in 
the  arrangement  of  the  elements  according  to  their  atomic 
weights  that  the  amount  of  oxygen  combined  with  an  atom  of 
another  element  increases  by.  half  an  atom  from  member  to 
member  of  the  series,  but  this  increase  never  goes  beyond 
four  atoms,  when  it  sinks  again  to  half  an  atom.  This  re- 
lationship is  best  exhibited  when,  in  order  to  avoid  fractions  of 
atoms,  the  stochiometric  composition  of  the  oxides,  without 
regard  to  the  molecular  weight,  is  so  expressed  that  the 
formulfe  used  give  the  number  of  atoms  of  oxygen  combined 
with  two  atoms  of  the  element  in  question.  This  is  illustrated 
in  the  following  table,  which  also  contains  some  oxides  enclosed 
in  brackets ;  these  are  not  known  with  certainty,  or  not  in  a 

'  Annalcn,  1871,  Suppl.  Band  viii.  133. 
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state  of  purity,  but  from  the  analogies  to  nearly  related  com- 
pounds, there  can  be  but  little  doubt  of  their  existence. 


Oxides. 


(Li,0) 

Na^O 
Mg,0, 

K.,0 

Cu„0 

(RboO) 

Ag,0 

Cs,0 

Au,0 
Hg,0, 

Be.,0., 

Ca.,02 

Zn^O, 

Sr.,62 

Cd„02 

Ba„02 

Ng,0, 

B.fi, 

AI2O3 

Se^Oj 

GajOj 

Y2O3 

In^Oa 

CeA 

Yb,03 

TI.O3 

0,0, 

Si,0, 

Ti.,0, 

Zr,0, 

Sn,0, 

Pb„0, 

N.O3 

v.o. 

ASoOj 
(Se;0,) 

Nb.Oj 

Sb.,0, 

Ta„05 

Bi,03 

OA' 

s.o« 

(01,0,) 

Cr,0, 

Te,0„ 
(1.0,) 

w:o. 

F  ? 

Mn.,0, 

(Br,0,) 

(Fe,6,)^ 

RaPs 

Os.,08 

Co  A' 

Rh.,04 

lr.,0. 

Ni,03 

PdJO, 

pt;o. 

The  oxides  in  the  above  table  are,  in  the  majority  of  cases, 
those  which  are  known  to  be  the  richest  in  oxygen  ;  many  of 
the  metals  in  the  first  horizontal  series  form  oxides  containing 
still  more  oxygen,  thus,  for  example,  Na,  K,  Cu,  Ag,  Au,  and 
probably  Li,  Eb,  and  Cs.    These  oxides  rule  (as  are 

also  many  mtroduced  into  the  above  table),  peroxides,  which 
easily  lose  a  portion  of  their  oxygen ;  copper  oxide,  CuO,  or 
CugOg  alone  is  very  stable.  Some  of  the  elements  in  the 
second  series  also  form  peroxides,  e.g.  Ca204,  Sr204,  Ba204. 
In  the  third  series  only  one  element  of  the  earth  metals  has, 
for  the  sake  of  simplicity,  been  introduced.  Inasmuch  as 
cerium  forms  an  oxide  CeOg  or  Ce204,  so  we  could  replace 
Ce^O^  by  LagOg,  and  write  Ce204  in  the  fourth  series  without, 
disturbmg  the  regularity.  Deviations  occur  in  this  table  only 
in  the  case  of  the  following  elements  :  0,  F,  Fe,  Co,  Ni,  Eh, 
Pd,  Ir,  and  Pt.  These  probably  arise  from  the  fact  that  the 
affinity  of  these  elements  for  oxygen  is  not  sufficiently  strong 
to  form  a  compound  containing  a  quantity  of  oxygen  corre- 

'  Ozone,  the  molecular  weight  of  which  is  probably  O3. 

2  The  anhydride  of  ferric  acid  is  probably  FeO^  or  Fe^O^  {vide  Gmelin's 
Handbuch  der  Chemie,  5  Aufl.  iii.  244 ;  6  Aufl.  382).  Mendelejeff  (op.  cit.  147) 
has  proposed  the  formula  FeO,  or  Fe^Og  for  it,  but  has  not  advanced  any  proof 
in  suiDport  of  this  view. 

s  Mendelejeff  {loc.  cit.  147)  accepts  the  formulae  CoO,  or  C02O4  for  the 
oxides  of  cobalt,  and  appears  to  regard  the  latter  as  the  anhydride  of  the  so- 
called  cobaltic  acid.  The  composition  of  this  substance  has,  however,  been 
found  to  be  C03O,  (vide  Liebig  and  Kopp,  Jahresber.  1856, 398)  ;  the  existence  of 
the  oxide  CoO,  is  doubtful. 


HYDROXIDES 


331 


sponcling  to  its  valency.  This  is  all  the  more  probable  as  those 
oxides  of  these  elements  containing  the  greater  amount  of 
oxygen,  contain  a  portion  of  it  but  loosely  held,  and  con- 
sequently part  with  it  easily. 

It  cannot  well  be  doubted  that  the  composition  also  of 
oxides  not  introduced  into  the  table  is  dependent  in  a  more  or 
less  simple  manner  upon  the  atomic  weights  of  the  elements. 
In  many  series  this  is  easily  seen;  for  mstance,  in  the  case  of 
the  lower  oxides  of  tin  and  those  metals  nearly  associated  with 
it,  we  have  the  following  regularity  : — 

SnA,  SbA,  TeA,  \0,, 

A  similar  regularity  may  be  exhibited  in  other  series.  But 
the  experimental  investigation  of  all  the  oxides  of  known  ele- 
ments is  not  sufficiently  advanced  to  allow  of  a  complete  review 
of  all  possible  oxides,  and  consequently  to  discover  the  general 
law  regulating  their  composition.  In  the  case  of  many  ele- 
ments the  preparation  of  different  oxides  has  scarcely  been 
attempted. 

§  174.  It  has  been  known  for  some  time  that  the  compo- 
sition of  the  oxides  stands  in  a  very  near  relationship  to  that 
of  other  compounds,  e.g.  with  that  of  the  hydroxides  and 
salts.  Mendelejeff  has,  however,  demonstrated  this  in  a 
manner  which  exhibits  with  remarkable  clearness  the  law 
which  this  relationshij)  obeys.  The  composition  of  the  hy- 
droxides or  hydroxyl  compounds,  whether  they  are  of  a  basic 
or  acid  nature,  is,  on  the  one  hand,  dependent  upon  that  of  the 
oxides,  and,  on  the  other  hand,  upon  that  of  the  hydrides  or 
hydrogen  compounds.  In  general,  each  atom  of  oxygen,  as  a 
divalent  element,  may  be  replaced  by  two  monovalent  atoms 
or  radicals,  e.g.  by  two  monovalent  hydroxyl  groups,  OH. 
But  in  the  majority  of  cases  it  a^jpears  that  not  more  than 
four  such  groups  can  combine  with  an  atom  of  a  polyvalent 
element.  In  the  few  cases  where  more  than  four  hydroxyl 
groups  are  combined  with  an  element,  they  rule,  held 

but  feebly,  somewhat  after  the  manner  of  the  water  in  halihy- 
drates ; '  the  hydrogen  contained  in  them  exhibits  neither  basic 
nor  acid  properties,  and  hence  is  not  easily  replaced  by  the 

'  Vide  §  179. 
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atoms  of  metals  or  acid  radicals.  The  number  of  hydroxy  I 
groups  having  sharply  defined  characters  which  can  enter  into 
combination  is  determined  in  a  remarkable  manner  by  the  com- 
position of  the  corresponding  hydrogen  compounds  ;  hydrides 
and  hydroxides  contain  the  same  number  of  hydrogen  atoms. 
Instead  of  hydrides,  the  compounds  with  monovalent  hydro- 
carbon radicals,  e.g.  those  with  ethyl,  CjHg  or  Et,  which  are 
often  more  easily  prepared,  may  be  used  as  indicators,  since 
the  number  of  these  radicals  is  throughout  equal  to  that  of 
the  atoms  of  hydrogen. 

The  following  table  exhibits  the  regularity  just  described, 
for  the  series  of  elements  from  sodium  to  potassium  : — ^ 


Oxide 


Na,0 
Mg,0, 
A1..08 
Si,0, 

C1,0, 
K,0 


Hydroxide 


Hydride 


NaOH 

Mg(OH), 

A1,(0H)3 

Si(OH), 

PO(OH), 

S0.,(0H)2 

Cld3(0H) 

K(OH) 


SiH, 
PH3 
SH, 
CIH 


Kthide 


NaEt 

MgEt^ 

AlEta 

SiEt^ 

PEtj 

SEt^ 

ClEt 

KEt 


The  formulas  of  the  oxides  in  this  table  are,  in  order  to 
avoid  fractions,  so  written  that  they  contain  two  atoms  of  the 
particular  element.  In  the  case  of  the  hydroxides,  hydrides, 
and  ethides,  the  necessity  for  so  writing  them  does  not  exist ; 
the  quantities  expressed  by  their  formulae  contain  only  one 
atom  of  the  element  in  question,  and  consequently  correspond 
to  half  the  quantity  of  oxide  given  in  the  first  column.  Each 
hydroxyl,  HO,  in  the  hydroxides,  replaces  one-half  the  oxygen 
in  the  oxide. 

Mendelejeff  has  also  attempted  to  bring  the  water  of  crys- 
tallisation of  salts  under  fixed  rules,  similar  to  those  applied 
to  the  number  of  hydroxyl  groups  which  can  combine  with 
one  element.  Up  to  the  present  but  a  short  notice  ^  only  has 
been  published,  which  serves,  however,  to  show  how  far  Men- 
delejeff has  been  able  to  pursue  this  subject.    It  can  scarcely 

'  Sodium  and  potassium  ethides  are  not  known  in  the  isolated  state,  but 
only  in  combination  with  zinc  ethide. 
2  Ber.  d.  deut.  chem.  Ges.  1870,  931. 
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appear  doubtful  that  these  compounds  are  subject  to  law  in 
this  manner,  for  in  the  first  case  the  combination  of  oxygen 
and  hydrogen,  usually  regarded  as  water  of  crystallisation, 
must  be  dependent  upon  the  nature  of  the  atoms  of  these 
'elements.^ 

§  175.  Based  upon  the  regularities  in  the  composition  of 
chemical  compounds  described  in  the  foregoing  sections,  which 
might  be  illustrated  by  many  other  similar  tables,  the  general 
statement  may  be  made  that  the  valency  of  an  element,  as 
deduced  from  the  composition  of  its  compounds,  is  a  periodic 
function  of  the  atomic  weight.  The  periods  correspond  very 
nearly  with  those  of  the  general  chemical  character,  and  in 
such  a  manner  that,  as  far  as  the  element  potassium,  one  of 
its  periods  corresponds  to  one  of  those  of  the  atomic  volume, 
and  beyond  this  point  to  two  of  the  periods  of  atomic  volumes. 
The  first  three  minima  of  the  valency  coincide  with  the  first 
three  maxima  of  the  atomic  volumes,  but  the  first  maxima  of 
the  former,  C  and  Si,  coincide  with  the  first  mmima  of  the 
latter.  From  potassium  upwards  the  minima  of  valency,  Cu,^ 
Eb,  Ag,  Cs,  and  Au  ^  occur  alternately  near  the  minimum  or 
maximum  of  the  atomic  volume,  whilst  the  maxima  of  valency 
occm'  between  a  maximum  and  minimum  of  the  atomic 
volume. 

This  periodicity  of  the  valency  is  shown  most  clearly  when 
it  is  deduced  from  the  compounds  with  oxygen.  This  is  one 
of  the  chief  reasons  for  using  the  oxides  for  this  purpose, 
although,  on  account  of  the  divalency  of  oxygen  and  the  pos- 
sible double  linkings  which  might  arise  from  it,  they  would 
at  first  sight  appear  to  afford  but  an  unsuitable  and  doubtful 
means  of  determining  the  valency. 

In  this  way,  to  some  extent,  oxygen  attains  the  position  of 
a  standard,  which  was  assigned  to  it  by  Lavoisier,  and  more 
especially  by  Berzelius,  but  of  which  it  was  robbed  so  long  as 
valency  and  atomic  linking  were  deduced  from  gaseous  com- 
pounds only. 

From  the  knowledge  that  valency  is  a  periodic  function  of 

'  Some  groups  of  examples  for  the  carrying  out  of  this  idea  will  be  found 
in  a  paper  by  the  author,  Ber.  d.  deut.  chem.  Qes.  1872,  104. 
^  Cu  and  Au  are  regarded  as  monovalent. 
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the  atomic  weight,  the  difficulty  of  its  determination  is  con- 
siderably lessened ;  still,  many  cases  of  a  doubtful  nature 
remain  to  be  explained. 

§  176.  Before  passing  on  to  a  consideration  of  each  of  the 
families  enumerated  in  §  79,  it  must  be  remarked,  in  the  first 
place,  that  the  single  characteristics  of  valency  are  more  dis- 
tinctly shown  in  the  periods  or  series,  i.e.  by  those  elements 
occupying  the  horizontal  lines  in  the  table  in  §  61,  than  in  the 
groups,  or  those  elements  in  the  vertical  lines  of  this  table. 

The  group  lA,  containing  the  alkali  metals  Li,  Na,  K,  Eb, 
and  Cs,  appears  from  what  has  been  stated  in  §§  172-174,  to 
be  constituted  of  monovalent  elements,  and  has  for  a  long 
time  been  generally  regarded  as  such.  But  there  is  not  a 
single  compound  of  any  member  of  this  group  the  molecular 
weight  of  which  is  known.  At  any  rate,  the  existence  of  an  un- 
stable polyiodide,  KI3,  although  generally  regarded  as  a  mole- 
cular compound,  might  be  cited  as  evidence  of  the  polyvalent 
nature  of  this  group  of  elements.  Geuther  '  concludes  from 
the  composition  of  the  polysulphides  that  the  alkali-metals 
must  be  either  mono-,  tri-,  or  pentavalent,  A.  Wanklyn^ 
also  expressed  some  years  ago  the  opinion,  which  at  all  events 
has  not  yet  been  confirmed,  that  potassium  and  sodium  are  tri- 
valent.  In  accordance  with  this  view  the  chlorides  would  not 
be  expressed  by  the  formulae  K— CI  and  Na— CI,  but  probably 
by  the  formula  CI— K  =  K— CI  and  CI— Na  ==  .N— CI,  or 


A  little  consideration  will,  at  all  events,  show  that  the 
formul£e  KCl,  &c.,  are  but  little  suited  to  the  properties  of  the 
chlorides.  A  chloride  of  so  volatile  a  metal  as  potassium,  and 
having  a  molecular  weight  KCl  =  39-04  +  35-37  =  74-41, 
would  not,  in  all  probabihty,  be  less  volatile  than  the  chlorides 
of  mercury.    The  comparative  non-volatility  of  potassmm 


CI— K— K— CI 


and 


CI— Na— Na— CI 


Na 


CI 


CI 
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chloride  would  be  more  easily  understood  if  its  molecular 
weight  were  three  times  the  above,  viz.  K3CI3  =  223-23,  and 
still  better  if  it  were  greater. 

Strictly  speakmg,  the  formulae  KCl,  NaCl,  AgCl,  &c.,  have 
little  greater  value  than  the  formula  CCl  for  Julin's  chloride 
of  carbon,  or  CH  for  benzene  had,  until  it  was  known  that  the 
molecular  weights  of  these  compounds  were  expressed  by  the 
formulae  CgClg  and  CgHg,  and  that  carbon  is  tetravalent  in 
other  compounds. 

The  matter  is  made  still  more  doubtful  by  comparing  the 
above  with  the  elements  forming  the  second  section  of  this 
group,  viz.  Cu,  Ag,  and  Au;  for  besides  the  chlorides  CuCl, 
AgCl,  AuCl,  there  are  the  well-defined  compounds  CuClg  and 
AuClg,  and  the  oxides  corresponding  to  them,  from  the  com- 
position of  which  copper  appears  to  be  divalent,  and  gold  to 
be  trivalent.  From  analogy,  silver  might  also  be  regarded  aa 
polyvalent,  more  especially  as  it  forms  a  peroxide,  AgO,  or 
AgoOg,  and  then  the  monochlorides  would  be  expressed  by  the 
following  formulae  :  CI — Cu — Cu — CI,  CI — Ag — Ag — CI,  and 
CI — Au — Au — CI.  The  fact  that  we  know  no  compound  of 
silver  in  which  an  atom  of  this  metal  has  been  demonstrated 
to  be  divalent,  cannot  be  regarded  as  interfering  with  our 
acceptance  of  the  above  formulae,  for  it  is  very  possible  that 
all  compounds  of  silver  at  present  known  may  contain  two 
atoms  of  silver  combined  with  one  another,  and  consequently 
appear  monovalent,  e.g.  NO3 — ^Ag — Ag — NO3,  &c.  No  com- 
pound of  copper  and  iodine  is  known  having  the  formula 
Culg,  but  only  the  one  having  the  formula  Cuglg,  the  com- 
position of  which  may  be  expressed  most  simply  by  the 
formula  Cul.  The  isomorphism  of  the  lower  silver  and  copper 
sulphides  can  scarcely  be  understood,  unless  in  the  latter  the 
existence  of  a  divalent  group — Cu— Cu— be  accepted,  and  also 
a  similar  group— Ag—Ag— be  supposed  to  exist  in  the  former. 
At  the  same  time,  it  must  not  be  forgotten  that  these  mono- 
chlorides  resemble  those  of  mercury  and  thallium  in  their 
insolubility  in  water,  their  change  on  exposure  to  light,  and 
in  many  other  characteristic  properties,  and  that,  at  least  in 
the  gaseous  state,  these  last-mentioned  compounds  have  mole- 
cular weights  corresponding  to  the  formuljB  HgCl  and  TlCl 
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{vide  §  23).  From  analogy,  therefore,  we  might  regard  the 
formulae  CuCl,  AgCl,  and  AuCl,  as  rei^resenting  the  molecular 
weights  of  these  compounds. 

Nevertheless,  there  is  one  characteristic  in  which  the  whole 
of  the  first  family  agrees,  viz.  all  those  compounds  in  which 
these  elements  appear  as  polyvalent  are  converted  by  heat 
into  those  in  which  they  appear  as  monovalent  elements. 
Copper  oxide,  CuO,  is,  however,  an  exception ;  the  sulphide, 
CuS,  on  the  other  hand,  conforms  to  this  rule. 

§  177.  The  members  of  the  second  family,  consisting  of 
the  two  groups  A :  Be.  Mg,  Ca,  Sr,  Ba,  and  B  :  Zn,  Cd,  Hg, 
are  divalent  in  their  more  common  and  most  stable  com- 
pounds. The  peroxides,  which  indicate  a  higher  valency  for 
these  elements,  are  decomposed  by  heat.  Geuther  ^  regards 
these  metals  as  di,  tetra,  hexa,  octo,  or  deca-valent. 

The  last  member,  viz.  mercury,  has  a  tendency  to  act  as  a 
monovalent  element.  But  the  compounds  in  which  it  behaves 
as  such  are  less  stable  than  the  normal  compounds.  Whilst 
the  higher  compounds  of  the  first  family  are  easily  resolved 
by  heat  into  the  lower  ones  with  a  loss  of  negative  atoms,  the 
lower  mercury  compounds,  on  the  other  hand,  are  under 
different  circumstances  easily  resolved  into  the  metal  and  the 
corresponding  higher  compounds,  thus  : 

2HgCl  =  Hg  +  HgCl2,  2Hg,0=Hg  +  HgO. 

In  both  families,  therefore,  the  normal  compounds  are  the 
more  stable. 

The  members  of  the  third  family  in  the  first  group,  of 
which  we  have  B,  Al,  Sc,  Y,  La,  Di,  Ce,  Yb,  and  a  number  of 
other  elements  which  have  not  been  thoroughly  separated 
from  one  another  and  hence  are  but  Httle  known,  appear  to 
be  trivalent.  The  elements  comprismg  the  second  group  also 
appear  to  be  trivalent ;  this  group  contains  the  following  easily 
fusible  metals,  Ga,  In,  and  Tl,  the  oxides  of  which  are  easily 
reducible.  Although  these  metals  are  as  a  rule  trivalent,  yet 
the  possibility  of  a  higher  valency  is  not  completely  excluded. 

The  molecular  weights  expressed  by  the  foUowing  formulfe, 
AlgClg,  Al^Brg,  and  Al^Ig  (compare  §  23)  require  that  each 

>  Loc.  cit. 
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atom  of  aliiminium  should  at  least  possess  four  combining 
units.  Again  cerium  forms  a  peroxide  CeOj,  and  consequently 
this  element  might  be  placed  in  the  first  group  of  the  fourth 
family.  On  the  other  hand  the  last  member  of  this  family, 
viz.  Thallium,  as  is  also  the  case  in  the  second  family,  forms 
like  mercm-y,  compounds  in  which  it  appears  either  unsatu- 
rated or  monovalent. 

The  members  of  the  fourth  family  are  throughout  tetra- 
valent ;  in  the  first  group  we  have  the  elements  C,  Si,  Ti,  Zr, 
Th,  and  in  the  second  group  the  elements  Sn  and  Pb.  StUl 
carbon  appears  unsaturated  in  carbon  monoxide,  and  the  last 
member,  lead,  resembles  mercury  and  thallium  in  its  tendency 
to  form  compounds  in  which  it  appears  to  have  a  lower 
valency  than  the  rest,  in  fact  it  would  appear  to  be  either 
unsaturated  or  its  apparent  divalency  is  formed  by  combi- 
nation with  itself.  Under  these  conditions  it  forms  com-- 
pounds  isomorphous  with  Ba,  Sr,  and  Ca. 

§  178.  In  the  fifth  family,  containing  in  the  first  group  V, 
Nb,  (Di),  Ta,  and  in  the  second  group  N,  P,  As,  8b,  and  Bi,  the 
difference  in  behaviour  towards  positive  and  negative  elements 
is  first  exhibited,  although  not  very  markedly.  As  regards 
negative  elements  their  valency  is  one  imit  greater  than  that 
of  the  members  of  the  fourth  family,  that  is  to  say  they  are 
pentavalent ;  and  as  regards  strongly  positive  elements,  more 
especially  in  their  hydrogen  compounds,  they  have  a  valency 
one  unit  less  than  that  of  the  members  of  the  fourth  family, 
in  other  words  they  are  trivalent.  These  facts  are  not  ex- 
hibited in  all  compounds,  but  most  distinctly  in  the  oxides 
and  hydrides. 

N,  P,  As,  and  Sb  alone  combine  with  hydrogen  to  form 
compounds  such  as  NH3,  PH3,  &c.,  and  as  in  fact  the  intensity 
of  the  affinity  decreases  with  increase  in  atomic  weight,  it 
cannot  therefore  appear  remarkable  that  it  no  longer  exists  in 
the  case  of  bismuth.  Both  of  the  first  two  elements,  N  and  P, 
can  combine  with  a  fourth  atom  of  a  positive  element  when 
the  fifth  combining  capacity  is  itself  combined  with  a  negative 
one  {e.g.  NH,  +  HC1=NH,C1,  and  in  many  other  cases) ;  under 
these^  circumstances,  the  elements  are  pentavalent.  The 
constitution  of  the  numerous  salts  formed  by  the  union  of 
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ammonia  with  acids  can  only  be  explained  by  aid  of  this 
hypothesis. 

In  these  compounds  the  group  of  atoms  NH^,  or  ammo- 
nium, acts,  m  accordance  with  the  theory  proposed  by  Ber- 
zelius,  as  a  monovalent  radical,  and  in  many  cases  behaves 
like  an  atom  of  potassium,  rubidium,  caesium,  &c.,  and  in 
such  a  manner  as  to  render  confusion  with  the  compounds  of 
these  metals  possible.  The  radical  can,  however,  only  have 
one  free  combining  unit  when  nitrogen  is  pentavalent ;  for 
only  then  can  the  four  atoms  of  hydrogen  leave  one  embracing 
unit  free,  thus : 

N 


I   I    I  I 
HHHH  * 


The  analogies  exhibited  by  these  compounds  to  those  of 
the  alkah  metals,  both  in  their  physical  properties  and  their 
chemical  behaviour,  as  for  mstance  in  the  case  of  ammonium 
chloride,  NH^Cl,  and  potassium  chloride,  KCl,  and  of  ammo- 
nium sulphate,  (NHjaSO^,  and  potassium  sulphate,  K2SO4,  can 
only  be  expressed  by  the  aid  of  such  a  hypothesis. 

If  nitrogen  be  regarded  as  trivalent,  then  these  compounds 
can  only  be  regarded  as  addition-products  of  ammonia  and  an 
acid,  thus,  NH3  +  HCI  and  NHg-l-NHg-hH^SO^,  &c.,  from 
which  formulae  all  such  analogies  disappear. 

The  compounds  of  the  substituted  ammonias  exhibit  to  a 
more  marked  degree  than  the  salts  and  other  compounds  of 
ammonia  itself  properties  arising  from  atomic  hnkings,  and 
in  such  a  manner  that  they  cannot  be  justly  considered  as 
molecular  addition  compounds.  For  instance,  if  tetra-ethyl 
ammonium  iodide,  NCCaHg)^,  be  viewed  as  analogous  to  ammo- 
nium iodide,  NH4l=NH3,  HI,  as  a  compound  of  triethylamine, 
N(C2H5)3,  and  ethyl  iodide,  C^HJ,  then  the  compound  obtained 
from  it  by  the  action  of  moist  silver  oxide  upon  it,  viz. 
tetra-ethyl  ammonium  hydroxide,  N(C2H5)40H,  must  con- 
sistently be  viewed  as  an  addition-product  of  triethylamme, 
N(C,H,)3,  and  ethyl  alcohol,  iC,Il,)OB..  That  such  a  view 
cannot  be  held  is  shown  by  the  fact  that  even  at  temperatures 
below  the  boiling  point  of  water  it  is  decomposed,  and  not 
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into  triethylamine  and  alcohol,  but  into  triethylamine,  ethy- 
lene, and  water,  •  thus : — 


This  decomposition  could  scarcely  take  place  at  so  low  a 
temperatui-e  if  this  compound  contained  alcohol.  Further, 
its  entii-e  behaviour  is  altogether  opposed  to  such  a  view. 

All  these  eight  elements  are  pentavalent  in  their  combi- 
nations with  oxygen,  the  elements  of  the  first  group  possess- 
ing a  very  considerable  affinity  for  oxygen;  in  the  second 
group,  the  affinity  of  phosphorus  for  oxygen  is  greater  than 
that  of  nitrogen,  whilst  from  phosphorus  upwards  it  decreases 
step  by  step.  In  their  combinations  with  the  halogen  elements 
the  members  of  this  group  are  pentavalent  also.  But  it  has 
ah-eady  been  repeatedly  mentioned  that  the  highest  com- 
pounds of  many  of  these  elements  are  partially  decomposed 
by  heat,  and  that  in  some  cases  they  are  not  very  stable  even 
at  the  ordinary  temperature.  It  is  to  be  observed,  however, 
that  the  compounds  are  stable  when  a  portion  of  their  com- 
binmg  powers  are  saturated  by  less  negative  radicles. 

For  instance,  arsenic  trichloride  cannot  unite  with  chlorine 
du-ectly,  and  hence  arsenic  appears  to  be  trivalent  in  this 
compound.  Its  pentavalent  nature  is  shown  when  one  or 
two  of  the  atoms  of  chlorine  are  replaced  by  hydrocarbon 
radicals,  and  the  compounds  are  the  more  stable  the  more 
hydrocarbon  radicals  they  contain.  A.  Michaehs  ^  has  found 
that  arsenophenyl  chloride,  (CgHJAsClg,  combines  with  more 
chlorme,  forming  a  tolerably  stable  liquid  compound, 
(CgHJAsCl^,  and  A.  Bseyer »  has  also  found  that  arsenic 
dimethyl  chloride  or  cacodyl  chloride,  (CH3)2AsCl,  also  unites 
with  two  atoms  of  chlorine,  thus  : — 


As(CH3)2Cl-t- Cl2  =  As(CH3)2Cl3. 
compound  produced  is  unstable,  and  decomposes  on  a 


'  A.  W.  Hofmann,  1851,  Annalen,  Ixxviii.  268. 

Ueber  aromatische  Arsenverbindungen,'  Ber.  d.  deut.  chem.  Ges.  1875, 


N(C,H,),OH=:  N(C,H,)3  +  C,H,  +  H,0. 


cvii. 
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very  slight  rise  in  temperature,  forming  methyl  chloride  and 
arsenic  monomethyl  dichloride,  thus  : — 

As(CH3)2Cl3= A8CH3CI2  +  (CH3)C1. 

Arsenic  monomethyl  dichloride  exhibits  but  little  affinity  for 
chlorine,  and  only  combines  with  it  at  very  low  temperatures  ; 
at  —10°  it  unites  with  two  atoms  of  chlorine  and  forms  arsenic 
monomethyl  tetrachloride,  thus  : — 

As  (CH3)  Ck  +  CI2 = As  (CH3)  CI4 . 

This  compound  is  similarly  resolved  into  methyl  chloride  and 
arsenic  chloride,  at  a  temperature  above  — 10°,  but  still  below 
the  freezing  point,  thus  : — 

As(CH3)Cl4= ASCI3  +  CH3CI. 

Arsenic  trichloride  so  produced  has  so  little  affinity  for  chlorine 
that  all  attempts  to  form  a  higher  chloride  have  failed.  As 
the  amount  of  chlorine  increases  relatively  to  the  amount  of 
carbon  and  hydrogen  in  these  compounds,  the  force  of  attrac- 
tion for  chlorine  is  seen  to  diminish.  Many  other  instances 
of  a  similar  character  are  known. 

Just  in  the  same  way  if  phosphorus  be  regarded  as  tri- 
valent  difficulties  are  at  once  introduced  into  the  explanation 
of  many  of  its  compounds.  For  instance,  if  the  atom  of  phos- 
phorus is  pentavalent,  then  the  formation  of  the  oxychloride, 
acid  or  anhydride  from  the  pentachloride  is  a  simple  substi- 
tution of  one  atom  of  divalent  oxygen  for  two  atoms  of 
chlorine  or  of  the  monovalent  radicle  OH  for  an  atom  of 
chlorine;  thus  the  formation  of  the  oxychloride  from  the 
pentachloride  may  be  represented  as  follows  : 

P  P 

C^dTHbTci  +H-0-H=  -^H-C1-^H-C1 

As  long  as  phosphorus  is  supposed  to  be  trivalent  then  it 
must  be  supposed  that  an  interchange  of  the  atoms  takes 
place,  thus : — 

^  .Cl-Cl  +  H-0-H=„^„    ^  +H-C1  +  H-C1 
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The  oxychloride  is  a  compound  which  may  be  volatiHsed 
without  decomposition  ;  its  molecular  weight  calculated  from 
the  determination  of  its  vapour  density  has  been  found  to  be 
153-0,  corresponding  to  the  formula  POCI3.  At  all  events 
this  compound  must  be  viewed  as  containing  the  atoms 
united  dk-ectly  to  the  atom  of  phosphorus,  whilst  phos- 
phorus pentachloride  is  supposed  to  be  a  molecular  compound 
because  it  is  easily  resolved  into  PCI3  and  Clg,  despite  the 
numerous  points  of  resemblance  it  exhibits  to  the  oxychloride. 
This  difficulty  is  made  still  greater,  inasmuch  as  vanadium, 
the  highest  chloride  of  which,  VCI4,  may  be  volatilised  without 
decomposition,  also  forms  an  oxychloride,  VOCI3,  perfectly 
analogous  to  the  phosphorus  compound,  the  constitution  of 
which  could  not  without  inconsistency  be  explained  by  the 
views  formerly  held. 

There  are  so  many  reasons  for  supposing  these  elements  to 
be  pentavalent  it  may  be  regarded  as  remarkable  that,  as 
already  mentioned  in  §  174,  the  hydroxides  and  oxyacids  of 
the  members  of  this  family  contain  as  a  maximum  three  and 
not  five  hydroxyl  groups,  and  these  therefore  may  be,  according 
to  the  views  described  in  §  113,  regarded  as  the  compounds  of 
trivalent  elements. 

There  are,  however,  compounds  of  some  of  the  members 
of  this  family  from  the  composition  of  which  a  valency  greater 
than  a  pentavalency  may  be  deduced.  For  instance,  as  from 
the  composition  of  ammonium  chloride,  NH^Cl,  the  conclusion 
is  drawn  that  nitrogen  is  pentavalent,  so  from  the  composition 
of  the  well-defined  and  crystaUine  compound,  NH4lCl4,^  the 
conclusion  might  be  drawn  that  nitrogen  must  be  nonovalent 
also.  The  same  conclusion  might  be  drawn  from  the  compo- 
sition of  the  tetramethyl  ammonium  penta-iodide,  N (0113)415, 
discovered  by  Weltzein.^  In  a  similar  manner  phosphorus 
might  be  supposed  to  be  heptavalent  because  it  forms  the  com- 
pounds PClgl,^  and  PCl3Br4,*  or  to  have  even  a  higher  valency, 
inasmuch  as  a  compound  PCl3Br8  exists,^  although  it  certainly 

'  Gmelin,  Handb.  d.  Chem.  5  Aufl.  i.  907.  ^  Annalen,  1854,  xci.  41. 

*  Prepared  by  Baudrimont,  v.  Jahresber.  Kopp  and  Will,  1862,  54. 

*  A.  Michaelis,  Ber.  d.  deut.  chem.  Oes.  1872,  411. 

*  Prinvault,  Compt.  Bend.  1872,  Ixxiv.  8G8  ;  A.  Michaelis,  loc.  cit.  414. 
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is  very  unstable.  These  compounds  are  generally  supposed 
to  be  molecular  compounds,  resembling  double  salts,  &c. 

§  179.  In  the  sixth  family,  containing  in  the  first  group 
Cr,  Mo,  W,  U,^  and  in  the  second  group  0,  S,  Se,  Te,  the 
difference  in  behaviour  toward  positive  and  negative  elements 
is  very  strongly  marked ;  but  only  the  members  of  the  second 
group  form  well-defined  compounds  with  elements  more  posi- 
tive than  themselves.  The  composition  of  the  numerous 
compounds  with  hydrogen,  the  metals,  .the  semi-metals,  and 
with  other  elements  save  some  of  those  formed  with  the 
negative  elements  of  this  group  itself  and  with  those  elements 
of  the  second  group  of  the  seventh  family,  may  be  most 
easily  explained  upon  the  supposition  that  oxygen,  sulphur, 
&c.,  are  divalent  elements. 

The  elements  of  this  family  are  hexavalent  in  their  com- 
pounds with  the  halogen  elements  and  with  those  of  the 
oxygen  and  sulphur  group.  Nevertheless,  only  one  of  these 
elements  is  known  to  form  a  volatile  compound  contaming  six 
atoms  of  a  monovalent  element ;  this  compound  is  tungsten 
hexachloride,  WClg,  which  is  easily  resolved  into  the  penta- 
chloride  WCI5  and  one  atom  of  chlorine.  The  highest  chlorides 
of  molybdenum  and  uranium  are  the  corresponding  penta- 
chlorides  M0CI5  and  UClg,  chromium  only  forms  a  trichloride, 
CrClg  (or  perhaps  Ct^CIq).  Sulphur,  selenium,  and  tellurium 
form  tetrachlorides,  SCI4,  SeCl4,  and  TeCl4,  the  first  of  which 
decomposes  below  the  melting  point  of  ice.  All  the  seven 
elements,  on  the  other  hand,  combine  with  three  atoms  of 
oxygen,  or  sometimes  with  one  or  two  atoms  of  oxygen,  and 
four  or  two  equivalents  of  hydroxyl,  chlorine,  &c.  For  instance 
the  following  compounds  are  known : — 

SO3  —  TeOa 

SO.Cl,  - 
SOaCUOH)         —  — 
SO,(OH),       SeO,(OH),  TeO,(OH)3 
CrOg  M0O3  WO3  UO3 

CrO^Cl,         MoO.Cl^         WO2CI2  VO.Ck 

—  M0OCI4         WOCI4  — 

—  MoOaCOH)^     W02(OH)2  VO.iOR), 

'  When  the  atomic  weight  of  uranium  is  taken  as  240. 
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Many  of  these  compounds,  especially  those  containing 
chlorine,  may  be  volatilised  without  decomposition ;  SO3  and 
M0O3,  TeOg,  CrOg,  and  UO3  easily  lose  one  atom  of  oxygen ; 
WO3  is  scai-cely  volatile.  The  hydroxides,  with  the  exception 
of  S02(0H)C1,  are  resolved  by  heat  into  the  anhydride  and 
water;  selenic  acid  alone  yields  SeOg  and  0;  U02(OH)2  also 
loses  oxygen. 

In  this  case  also,  as  with  the  members  of  the  fifth  family, 
the  number  of  hydroxyl  groups  in  the  hydroxides  is  not 
greater  than  two,  i.  e.  the  number  of  hydrogen  atoms  with 
which  the  elements  S,  Se,  and  Te  may  combine  directly  ;  these 
compounds  therefore  may  also  be  considered  as  containing 
mono-  and  divalent  atoms  united  in  the  manr  er  described  in 
§§  101  and  112,  sulphur,  selenium,  and  tellurium  being  sup- 
posed, like  oxygen,  to  be  divalent.  This  view  would,  however, 
make  a  very  great  distinction  between  compounds  of  analogous 
composition,  as  it  would  never  occur  to  anyone  to  consider 
chromium,  molybdenum,  and  tungsten  as  simply  divalent. 

In  the  explanation  of  the  compounds  of  sulphur,  &c.  with 
monovalent  atoms  and  radicals  this  view  cannot  be  con- 
sistently apphed.  At  all  events  it  would  require  a  consider- 
able straining  of  ideas  to  regard  SCI4,  SeCl4,  and  TeCl4  as 
molecular  compounds ;  nor  can  this  view  be  applied  to  explain 
the  compounds  formed  with  monovalent  hydrocarbon  radicals. 
More  especially  do  the  properties  of  triethyl-sulphine  hydroxide 
S(C2Hg)30H,  discovered  by  v.  Oeffele,'  militate  against  the 
view  that  it  is  an  addition-product  of  S(C2Hj)2,  ethyl  sulphide, 
and  (C2Hg)0H  alcohol,  which,  if  sulphur  is  a  divalent  element, 
it  must  be  supposed  to  be. 

Instead  of  regarding  these  elements  as  divalent  in  their 
compounds  with  negative  atoms,  it  is  more  probable  to  suppose 
that  the  affinity  of  these  seven  elements  for  the  halogen 
elements  varies  in  intensity,  and  is  the  lowest  in  the  case  of 
sulphur  and  the  greatest  in  the  case  of  tungsten,  and  hence  it 
is  only  with  this  latter  element  that  the  hexavalency  makes 
its  appearance. 

At  the  same  time  this  consideration  leads  to  the  conclusion 
that  the  valency  of  these  elements  is  to  be  deduced  more 

'  Annaleti,  1864,  cxxxii.  82. 
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correctly  and  consistently  from  the  oxides  than  from  the 
chlorides.  It  appears  therefore  that  the  precaution  formerly 
exercised  in  the  use  of  the  oxides  was  excessive,  these  com- 
pounds being  systematically  avoided  as  means  for  determining 
the  valency  of  the  elements  contained  in  them,  for  fear  lest 
a  double  union  between  the  atoms  of  oxygen  should  lead  to 
erroneous  conclusions. 

It  must,  however,  be  remarked  that  in  the  compounds  which 
the  elements  0,  S,  Se,  Te  form  amongst  themselves,  the  more 
negative  element  appears  to  be  divalent,  while  the  more 
positive  element  is  hexavalent.  Since,  as  far  as  we  know  at 
present,  oxygen  forms  the  electro-negative  constituent  in  all 
its  compounds,  therefore  its  hexavalent  nature  cannot  easily 
be  perceived.  The  formation  of  ozone  may  perhaps  serve  as 
an  indication  of  this  property,  for  in  its  production  molecules 
are  obtained  containing  more  than  two,  in  fact,  very  probably 
three  atoms  (compare  §  101). 

By  recognising  that  S,  Se,  and  Te  may  be  hexavalent,  and 
especially  in  their  compounds  with  oxygen,  it  is  possible  to 
regard  a  large  number  of  its  compounds  as  atomic,  which 
could  formerly  only  be  considered  as  molecular  compounds ; 
the  following  examples  will  serve  to  illustrate  this  statement. 

The  compounds  produced  by  the  combination  of  sulphuric 
acid  (H2SOJ  with  one  and  two  molecules  of  water  may  be 
explained  to  be  atomic  compounds.  The  first  of  these,  viz., 
S0(0H)4,  is  known  to  have  been  obtained  in  a  crystalline  form, 
and  the  formation  of  the  second  of  these,  S(0H)6,  is  attended 
by  the  maximum  of  contraction  (Ure),  and  on  electrolysis  is 
decomposed  into  Hg  and  SOg  (Burgoin).^ 

It  is  generally  recognised  that  many  sulphates  and  other 
salts  retain  some  of  the  water  combined  with  them  more 
strongly  than  the  rest.  The  water  so  retained  was  styled 
saline  water  by  Graham,^  and  halhydrate  water  by  Liebig,' 
since  this  molecule  of  water  is  expelled  when  the  salt  unites 
with  another  to  form  a  double  salt,  for  example— 
(MgSO„H,0  +  6H,0)  +  K^SO,  =  (MgSO„K,SO,  +  6H,0)  + 

>  Gmelin  Kraut,  Handb.  i.  206.        ^  Annalen,  1835,  xiii.  144  ;  1836,  xx.  141. 

s  Ibid.  1838,  xxvi.  144. 
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Erlenmeyer '  has  sought  to  explain  this  phenomenon  m  a  very 
ingenious  manner,  by  supposing  that  in  these  salts  the  acid 
and  base  are  both  combined  with  the  salme  water  as  semi- 
hydrates,  thus : — 

HO— Mg— 0— SO  — OH  +  KO— SO2— OK  = 
KO— SO2— OMgO— SO.-OK  +  H^O. 

But  magnesium  sulphate  may  be  supposed  to  be  the  salt 
of  the  acid,  SO(OH)„  and  the  formation  of  this  double  salt 
would  then  be  explained  as  follows  : — 

MgO,-SO-(OH),  +  0S0-(0K)2 

MgO,-SO<    >S0-(0K)2  +  H^O. 

§  180.  In  the  seventh  family,  containing  Mn  in  the  first 
group,  and  F,  01,  Br,  and  I  in  the  second  group,  the  members 
of  the  second  group  are  monovalent  in  their  compounds  with 
more  positive  elements,  and  also  with  the  elements  of  the  sixth 
family,  with  the  smgle  exception  of  oxygen.  In  their  com- 
pounds with  one  another  these  elements  are  monovalent  -  only 
in  those  compounds  which  are  not  decomposed  when  converted 
into  vapour,  whereas  in  those  compounds  which  are  de- 
composed in  the  conversion  into  the  gaseous  state,  e.  g.  IClg,^ 
the  less  negative  element  appears  to  be  polyvalent.  Whether 
the  compound  IF5,  discovered  by  Gore,"  may  be  volatiHsed 
without  decomposition  is  not  known  at  present.  The  maxi- 
mum valency  in  these  compounds  has  not  yet  been  fixed. 
Chlorine,  bromine,  and  iodine  are  heptavalent  in  their  com- 
pounds with  oxygen,  as  is  shown  by  the  composition  of  their 
highest  oxides  and  hydroxides,  the  so-called  peracids  and 
their  salts ;  these  contain  two  atoms  of  one  of  these  elements 
combined  with  seven  atoms  of  oxygen,  or  an  equivalent 
number  of  hydroxyl  groups  or  their  metallic  derivatives. 

Since  for  a  portion,  at  least,  of  the  oxyacids  and  salts  of 
this  group  the  rule  holds  good  that  the  number  of  the 
hydroxyl  groups  is  equal  to  the  number  of  hydrogen  atoms  in 

■  Bcr.  d.  deut.  cliem.  Ges.  18G9,  289.  ^  Compare  §  91. 

3  0.  Bienken,  Ber.  d.  deut.  chcm.  Ges.  1875,  487  ;  and  P.  Melikoff,  ibid.  490. 

^  Jahresber.  1871,  224. 
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the  hydride,  viz.  one,  so  if  necessary  the  old  views  described 
in  §  112  may  be  retained,  in  which  these  elements  are  mono- 
valent in  their  combinations  with  negative  atoms,  and  there- 
fore the  formula  of  perchloric  acid  would  be  written  as  a  chain 
of  atoms  linked  together  in  the  following  manner  : — 

H— 0—0— 0—0— CI. 

By  writing  the  formula  in  this  way,  all  analogy  between 
perchloric  and  permanganic  acid  is  destroyed,  since  the  latter 
could  not  be  written  in  a  similar  manner,  inasmuch  as  man- 
ganese, at  any  rate,  is  polyvalent. 

At  the  same  time,  the  heptavalency  of  these  elements 
enables  one  to  give  a  uniform  explanation  to  an  entire  series  of 
compounds,  which  otherwise  must  be  regarded  as  molecular 
compounds ;  thus,  for  instance,  the  hydrates  of  perchloric  acid 
would  be  formulated  as  follows : — 

ClO.H,  ClO.Hg,  ClOeHg, 

or  ClOgCOH),      C102(0H)3,  ClOCOH)^. 

The  intermediate  hydrate  has  been  found  to  yield  the 
other  two  on  distillation,  and  if  these  compounds  were  mole- 
cular compounds  of  water  and  HCIO4,  then  in  all  probability 
water  would  distil  over,  whereas  CIO5OH  distils  over,  and 
CIO  (OH)  5  remains  behind ; '  a  fact  which  is  quite  in  accordance 
with  the  general  rule  that  hydroxyl  groups  reduce  the  vola- 
tility. The  crystalline  periodic  acid  and  its  silver  salts  are 
represented  by  the  foUowmg  formulae : — 

IO(OH)„  I0(0H),(0Ag)3,  and  lO,{OAg). 

Both  these  salts  behave  to  one  another  in  a  manner  ana- 
logous to  that  exhibited  by  the  normal  phosphate  and  the 
metaphosphate. 

According  to  J.  Thomson^  hydrochloric  acid  in  aqueous 
solution  is  probably  CIOH3,  a  composition  which  could  only 
be  understood  when  chlorine  is  supposed  to  be  polyvalent.  If 
hydrochloric  acid  be  H2CI — OH,  then  the  anhydrous  chlorides, 

'  The  purity  of  the  hydrate  varies  with  the  pressure  under  which  it  is  dis- 
tilled, vide  Eoscoe.    Annalen,  1862,  oxxi.  346. 
'  Fogg.  Ann.  Juhelband,  1874,  135. 
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and  the  anhydrous  sulphates,  perchlorates,  &c.,  must  be  an- 
hydride compounds,  analogous  to  the  metaphosphates  obtained 
from  the  acid  phosphates. 

If  it  be  also  accepted  that  fluorine  may  under  some  cir- 
cumstances be  polyvalent,  then  the  numerous  compounds  of 
hydrofluoric  acid  and  its  salts,  which  are  usually  regarded  as 
molecular  compounds,  may  be  viewed  a,s  atomic  compounds. 
For  example,  hydrofluosiHcic  acid,  H2SiFg,  the  fluosilicates, 
and  the  corresponding  compounds  in  which  silicon  is  re- 
placed by  titanium,  zirconirLm,  or  tin,  may  be  explained  in 
this  way.  If  hydi-ofluoric  acid  be  supposed  to  have  a  formula 
similar  to  that  assigned  by  Thomsen  to  hydrochloric  acid, 
then  the  water  with  which  some  of  these  compounds  crystal- 
lise may  be  included  in  the  atomic  Unking,  for  instance,  in 
the  compounds  which  are  isomorphous  with  one  another,  and 
have  the  following  general  formulae,  in  which  M  denotes  either 
magnesium,  zinc,  cadmium,  nickel,  cobalt,  manganese,  iron, 
or  copper:  MSiFg,  GH^O,  MTiF^,  GH^O,  MZrF^,  GH^O, 
MSnFe,  6H2O,  and  MPtClg,  GH2O.1  Much  may  be  said  in 
favour  of  this  view  ;  more  especially  is  support  to  be  found  in 
the  fact  that  hydroplatinic  acid,  HgPtCls,  GHgO  ^  is  a  well- 
defined  crystalline  compound. 

The  fact  that  fluorine  and  chlorine  must  be  considered  as 
polyvalent  in  their  combinations  with  hydrogen  and  the 
metals,  for  which  otherwise  there  is  no  necessity,  must  be 
regarded  as  a  weighty  objection  to  the  acceptance  of  all  these 
formulas. 

§  181.  In  the  eighth  family,  consisting  of  three  groups  of 
the  following  elements :  Fe,  Co,  Ni ;  Eu,  Eh,  Pd ;  Os,  Ir,  Pt, 
a  difference  of  behaviour  in  their  combinations  with  positive 
and  negative  elements  has  not  been  proved.  This  arises  from 
the  fact  that  scarcely  any  compounds  are  known  containing 
well-defined  positive  elements ;  however,  a  great  number  and 
variety  of  compounds  containing  negative  atoms  and  radicals 
are  known.  In  these  the  number  of  negative  atoms  or  equiva- 
lents, and  consequently  the  apparent  valency,  varies  between 
2  and  8.    The  existence  of  several  chlorides  and  oxides,  &c., 

'  H.  Topsoe,  Strecker's  Jahresber.  18G8,  27G. 
*  E,  Weber,  Pogg.  Ann.  1857,  cxxx.  443. 
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which  give  up  a  part  of  their  chlorine  or  oxygen  easily,  indi- 
cates that  this  variety  may  be  due  to  a  low  intensity  of  all  or 
some  of  the  combining  powers  of  these  elements.    As  in  the 
sixth  and  seventh  families,  and  to  some  extent  in  the  fifth 
family  also,  the  number  of  chlorine  atoms  with  which  the 
members  of  this  family  combine  is  not  seldom  smaller  than 
the  amount  equivalent  to  the  oxygen  in  the  oxides ;  the  maxi- 
mum in  the  former  is  four,  and  in  the  latter  eight.  There 
can  be  no  doubt  that  the  metals  ruthenium  and  osmium  are 
octovalent  in  the  two  oxides  EUO4  and  OSO4,  compounds 
which  are  volatile  without  decomposition.    From  analogy  it 
might  be  expected  that  Eh,  Pd,  Ir,  and  Pt  would  also  be  octo- 
valent, although  these  elements  can  only  combine  with  two, 
three,  or  four  atoms  of  chlorine,  and  the  compounds  contain- 
ing the  equivalent  quantities  of  oxygen  are  not  very  stable. 
The  existence  of  the  hydroplatinic  acid,  HgPtClg,  mentioned 
above,  and  its  salts,  KaPtCly,  &c.,  can  scarcely  be  regarded  as 
proof  of  the  octovalency  of  platinum.    It  is  a  matter  of  con- 
siderable doubt  whether  the  metals  Fe,  Co,  and  Ni  are  also  to 
be  regarded  as  octovalent.    The  salts  of  ferric  and  cobaltic 
acids  show  such  a  great  resemblance  to  those  of  manganic, 
permanganic,  and  ruthenic  acids  that  they  may,  at  all  events, 
be  considered  as  indications  that  these  metals  possess  a  high 
valency.    The  cobalt  ammonium  compounds  may  be  regarded 
in  a  similar  manner,  for  instance,  purpureocobaltic  chloride 
(NH3)5CoCl3  may  be  considered  as  containing  five  hydrogen 
atoms  of  five  ammonium  groups,  replaced  by  an  atom  of 
cobalt,  which  is  also  combined  with  three  atoms  of  chlorine. 

Fe,  Co,  Ni,  and  also  Mn  are  known  to  form  compounds 
isomorphous  with  the  divalent  elements  Zn,  Mg,  Ca,  and  Cu, 
and  further,  Pt  forms  compounds  isomorphous  with  the  tetra- 
valent  elements  Zn,  Sn,  Ti,  &c.  It  is  an  important,  but  at 
the  present  an  unanswerable  question,  whether  these  elements 
enter  into  the  compounds  in  question,  viz.  the  sulphates,  car- 
bonates, &c.  combined  with  two  and  four  combining  powers 
respectively,  i.e.  as  partially  saturated  atoms,  or  whether  the 
low  valency  of  these  atoms,  as  also  the  divalency  of  zinc,  and 
the  tetravalency  of  tin,  may  not  arise  from  a  double  union  of 
these  atoms  themselves. 
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§  182.  The  conclusion  that  the  valency  of  an  element  naay 
vary  according  as  the  element  with  which  it  combines  is 
electro-positive  or  negative,  necessitates  further  consideration. 
This,  although  not  generally  true,  is  certainly  true  of  the 
members  of  the  second  group  of  the  families  V.  VI.  and  VII. 
In  this  way  an  answer  is  found  to  the  question  raised  in  §  159, 
as  to  whether  the  chemical  value  of  an  atom  is  a  magnitude 
influenced  by  causes  external  to  it,  or  whether  this  value  is  an 
invariable  property  of  the  atom  itself. 

That  the  valency  of  an  element  is  closely  related  to  its 
electro-chemical  behaviour,  is  shown  by  the  series  of  elements 
from  sodium  to  chlorine  or  even  to  potassium,  the  compounds 
of  which  with  the  electro-positive  element  hydrogen  and  the 
electro-negative  element  oxygen  have  the  following  formulae. 


Na 

Mg. 

AL 

Si 

P 

S 

Cl 

K 

? 

? 

? 

SiH, 

PH3 

SH^ 

CIH 

? 

Tetra- 

Tri- 

Di- 

Mono- 

Na,0 

AI2O3 

Si,0, 

SA 

C1,0, 

Mono- 

DI- 

Tri- 

Tetra- 

Penta- 

Hexa- 

Hepta- 

Mono- 

Thus  it  is  seen  that  whilst  the  electro-positive  character  of 
the  element  steadily  decreases  throughout  the  series  from 
sodium  to  chlorine,  the  valency  toward  the  electro-negative 
element  oxygen  increases  by  a  single  unit  from  element  to 
element.  On  the  other  hand  from  chlorine  to  silicon,  the 
middle  member  of  the  series,  the  valency  toward  the  electro- 
positive element  hydrogen  increases  step  by  step,  whilst  the 
elements  themselves  gradually  become  more  and  more  positive. 
The  chemical  value  of  an  element,  therefore,  is  greater  toward 
those  elements  most  nearly  allied  to  it,  and  smaller  toward 
the  elements  to  which  it  exhibits  the  greatest  contrast.  Since 
it  has  been  observed  that  the  greater  the  contrast  between  two 
elements  the  stronger  is  their  affinity  for  one  another,  this 
remarkable  behaviour  of  the  elements  may  be  expressed  as 
follows :  '  Elements  of  variable  valency  exercise  the  smaller 
valency  when  combining  with  those  for  which  they  have  the 
greater  affinity,  but  the  higher  valency  when  uniting  with 
those  for  which  they  have  but  small  affinity.'  It  would  appear 
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therefore,  that  affinity  is  able  to  make  up  in  quantity  what  it 
lacks  in  intensity,  concentrating  itself,  as  it  were,  on  a  single 
point,  when  the  elements  are  most  dissimilar,  whilst  with 
elements  more  nearly  allied  affinity  extends  its  action  and 
consequently  loses  in  power.  An  explanation  of  these  pheno- 
mena cannot  be  given  until  a  more  thorough  understanding 
of  the  nature  of  affinity  itself  has  been  arrived  at. 

It  is  not  a  little  remarkable  that  in  the  fourth,  fifth,  sixth 
and  seventh  families  the  sum  of  the  valencies  toward  electro- 
positive and  negative  elements  is  eight,  which  is  equal  to 
the  highest  valency  observed  in  the  case  of  any  given  element, 
(Eu  Os). 

IV.  V.  VI.  VII. 

C,  Si,  <Sio.  N,  P,  &c.         0,  S,  &o.        F,  CI,  &c. 

+  :  4  3  2  1 

-  :  4  5  6  7 

Total       .8  8  8  8 

But  great  difficulties  would  arise  were  we  to  assume,  how- 
ever plausible  the  supposition,  the  existence  side  by  side  of 
these  eight  affinities. 

§  183.  By  the  acceptance  of  a  higher  valency  for  some 
elements,  we  are  in  a  position  to  consider  as  atomic  many 
compounds  which  could  not  formerly  be  regarded  as  such.  It 
must  not,  however,  be  forgotten  that  considerations  of  this 
character  are  based  upon  very  uncertain  grounds. 

All  our  former  views  on  this  subject  were  based  upon  Avo- 
gadro's  hypothesis,  and  the  molecular  weights  determined  by 
its  aid.  Since  we  have  no  means  of  determining  the  mole- 
cular weights  of  solids  and  liquids  equivalent  to  Avogadro's 
hypothesis,  consequently  when  we  apply  conclusions  drawn 
from  the  study  of  gases  and  vapours  to  solids  and  liquids, 
the  deductions  at  once  pass  beyond  experimental  control.  We 
then  move  in  a  purely  hypothetical  sphere,  in  which  the  boldest 
flights  of  the  imagination  are  without  bounds,  and,  despite 
this,  there  still  remain  many  compounds  which  cannot  even  be 
forced  mto  the  types  extended  in  this  way. 

It  is  certainly  not  impossible  that  at  some  time  the  exist- 
ence of  these  numerous  compounds  will  be  found  to  be  due  to 
the  same  causes  as  those  producing  the  compounds  which  we 
at  present  consider  as  atomic.    At  present  it  is,  at  all  events, 
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convenient,  and  may  be  always  necessary,  to  retain  the  dis- 
tinction between  atomic  and  molecular  compounds,  a  distinc- 
tion to  which  chemists  have  from  the  earHest  been  accustomed, 
but  to  which  Kekule,  after  the  discovery  of  the  law  of  atomic 
linking,  gave  a  more  restricted  meaning. 

If  we  consider  the  means  we  possess  to  distinguish  the 
two  forms  of  combination  in  quantitative  proportions,  then 
we  shall  soon  discover  that  this  distinction  cannot,  with  our 
present  knowledge,  be  strictly  carried  out.  If,  however,  the 
extreme  cases  alone  are  considered,  then  many  of  the  means 
of  distinguishing  these  compounds  appear  to  be  satisfactory, 
but  between  these  extreme  cases  there  are  many  in  which 
these  methods  are  of  no  service.  Further,  the  fact  that  com- 
pounds which  one  chemist  regards  as  decidedly  atomic,  are 
viewed  by  other  chemists  as  undoubtedly  molecular  com- 
pounds, may  be  considered  as  sufficient  evidence  that  a 
thorough  means  of  distmguishing  these  compounds  has  not 
yet  been  discover ed.^  It  is  customary  to  consider  as  molecular 
additions,  first  of  all,  the  compounds  of  the  most  distinct  sub- 
stances with  water  of  crystallisation,  many  double  salts,  and, 
in  general,  those  combinations  in  fixed  quantitative  propor- 
tions, formed  by  the  crystallisation  of  different  substances 
together,  in  which  the  properties  of  the  constituents  remain 
as  unchanged  as  in  mixtures  in  varying  proportions,  formed 
by  solution,  absorption,  &c.,  which  it  is  customary  to  speak  of 
as  physical  combinations,  in  contradistinction  to  chemical 
combinations  formed  in  fixed  quantitative  proportions. 

But  it  has  already  been  shown  that  many  compounds  of 
this  character  may  also  be  regarded  as  atomic  compounds. 
On  the  other  hand,  it  must  be  remembered  that  many  of 
these  compounds  stand  in  the  closest  relationship  to  the  so- 
called  physical  combinations ;  thus,  for  instance,  the  solution 
of  a  salt  in  water  with  the  amount  of  water  with  which  it 
crystallises.  For,  in  the  case  of  many  salts,  e.g.  with  Glauber's 
salt  and  sodium  carbonate,  by  a  sHght  increase  in  temperature 

'  A.  Naumann,  in  a  brochure  entitled  '  Ueber  Molekiilverbindungen  nach 
festen  Verhiiltnissen,'  Heidelberg,  C.  Winter,  1872,  criticises  the  means  which 
it  has  been  proposed  should  serve  to  distinguish  molecular  compounds  Comv 
Will's  JaJi/resber.  1864,  9. 
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the  water  of  crystallisation  may  be  converted  into  water  of 
solution,  which  then  holds  in  solution  a  large  portion  of  the 
salt,  which  is  either  anhydrous  or  combined  with  less  water 
than  before,  and  prevents  its  crystallising  out.  It  is  highly 
improbable  that  a  small  change  in  temperatui'e  should  have 
suddenly  brought  other  forces  into  play ;  everything  indicates 
rather  that  the  force  which  serves  to  unite  the  water  in  a 
crystalline  salt  is  identical  with  that  which  retains  it  in 
solution. 

§  184.  It  certainly  remains  doubtful  whether  these  phe- 
nomena, atom  Imking,  combination  with  water  of  crystallisa- 
tion, solution,  &c.,  are  not  all,  as  was  supposed  by  Berthollet, 
and  carried  out  more  completely  by  Kekule^  in  his  exammation 
of  molecular  compounds,  to  be  attributed  to  different  modes 
of  action  of  one  and  the  same  force  inherent  in  the  atoms 
themselves.  Kekule  started  from  the  supposition  that  the 
atoms  combined  together  in  a  molecule  are  capable  not  only 
of  acting  upon  one  another,  but  also  of  exerting  attractions 
of  a  greater  or  less  force  upon  the  atoms  of  other  molecules 
brought  into  proximity  to  it.  For,  if  this  were  not  the 
case,  then  the  atoms  combined  together  in  a  molecule  could 
not  exert  any  action  upon  atoms  outside  that  molecule,  and 
would  never  combine  with  such,  and  consequently  a  decom- 
position of  the  molecule  by  the  action  of  the  affinities  of  other 
molecules  or  atoms  would  be  altogether  impossible,  which  is 
contrary  to  experience. 

If,  in  conformity  with  the  above,  it  be  supposed  that  the 
atoms  of  two  or  more  molecules  re-act  upon  one  another  when 
these  molecules  are  brought  in  sufficiently  close  proximity  to 
one  another,  then  many  possibilities  may  arise.  If  the  forces 
of  attraction  exerted  on  an  atom  in  a  molecule  by  those  in 
another  molecule  be  more  feeble  than  the  forces  which  retain 
it  in  its  position,  then  no  change  can  take  place.  If,  however, 
the  force  exerted  by  the  atoms  of  the  latter  molecule  be  the 
greater,  then  the  atom  in  the  first  molecule  must,  owing  to 
the  greater  force,  change  its  place,  and  on  leaving  the  first 
compound  enter  into  a  new  one.  In  this  case,  therefore,  a 
partial  or  complete  decomposition  of  the  first  molecule  will 

'  Vide  the  references  given  in  §  166. 
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take  place  the  constituents  of  which  go  to  form  new  com- 
pounds, in  accordance  with  forces  acting  upon  them. 

But  supposing  the  forces  by  which  the  atoms  of  the 
different  molecules  react  on  each  other  are  not  sufficiently  great 
to  produce  a  reciprocal  change  of  the  atoms,  or  bring  about 
a  chemical  decomposition,  jet  the  sum  of  all  these  attractions 
may  suffice  to  hold  the  molecules  in  close  proximity  to  one 
another,  and  thus  produce  a  species  of  combination  of  the 
molecules. 

.  If  the  external  conditions  change,  more  especially  the 
temperature,  then  it  may  happen  that  the  relation  of  the  affin- 
ities will  also  be  changed,  and  a  chemical  decomposition,  or 
a  change  in  position  of  the  atoms,  take  place. 

These  views  are  chiefly  supported  by  the  observation  that 
after  the  decomposition  of  the  first  compound  the  atoms  and 
molecules  are  frequently  distributed  in  the  two  molecules 
differently  from  what  they  were  before  the  action  took  place. 

For  example,  many  chlorides,  such  as  those  of  zinc, 
magnesium,  and  aluminium,  form  crystalline  compounds  with 
water,  which  on  heating  evolve  hydrochloric  acid  and  leave 
residues  of  the  oxides,  hydroxides,  or  oxychlorides.  It  is  very 
probable  that  these  compounds  owe  their  formation  to  the 
attraction  which  the  metal  has  for  the  oxygen  on  the  one 
hand  and  that  of  the  chlorine  for  the  hydrogen  on  the  other, 
attractions  which  at  the  ordinary  temperature  are  not  sufficient 
to  produce  a  complete  decomposition. 

Many  examples  of  such  combinations  followed  by  decom- 
position might  be  cited. 

§  185.  By  extending  this  conception  somewhat,  then  mole- 
cular additive  compounds  are  apparently  analogous  to  all 
other  molecular  aggregations,  which  are  usually  considered  to 
be  produced  by  the  action  of  a  special  force  of  cohesion  or 
adhesion. 

It  is  certainly  clear  that  the  molecules  must  not  necessarily 
be  different,  in  order  that  they  may  enter  into  a  species  of 
combination.  For  instance  the  oxygen  of  a  molecule  of  water 
will  exert  a  certain  attraction  upon  the  hydrogen  contained  in 
another  molecule  of  water,  but  this  attraction  cannot  bring 
about  a  double  decomposition  unless  aided  by  special  external 

A  A 
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circumstances.  The  existence  of  such  attractions  affords  an 
easy  explanation  of  the  union  of  particles  into  solid  masses,  in 
fact  of  those  phenomena,  the  cause  of  which  is  usually  attri- 
buted to  the  action  of  the  force  of  cohesion. 

As  some  atoms  are  more  influenced  by  this  attraction  than 
others,  so  the  molecules,  in  which  these  atoms  are  not  quite 
symmetrically  arranged,  will  present  certain  sides  to  one  another 
and  assume  fixed  directions  and  positions  with  regard  to  each 
other.  But  supposmg  all  the  molecules  of  a  substance  to  be 
placed  and. directed  in  a  fixed  regular  manner  to  one  another.," 
then  a  difference  in  different  du-ections  will  be  observed  in  the 
resulting  mass  of  the  substance;  in  other  words,  the  sub- 
stance would  attain  the  properties  of  a  crystalline  medium. 

The  crystallisation  of  simple  bodies,  the  crystallisation 
with  water,  the  formation  of  double  salts  by  the  union  of 
different  closed  molecules,  and  in  general  the  formation  of 
molecular  addition  compounds  of  all  kinds,  and  many  other 
phenomena,  when  regarded  from  this  point  of  view  appear  to 
be  the  results  of  one  and  the  same  kind  of  action.  These 
combinations  are  accordingly  produced  not  like  the  true 
chemical  compounds  by  the  chain-like  joining  of  atoms,  as  a 
result  of  which  each  atom  can  bind  a  fixed  and  limited 
number  of  other  atoms,  but  owe  their  production  to  the  sum 
of  the  attractions  which  the  atoms  combined  in  a  molecule  are 
able  to  exert  beyond  the  limits  of  the  molecule.  The  prime 
cause  of  both  kinds  of  compounds  is  one  and  the  same,  viz., 
the  affinity  of  the  atoms,  and  it  appears  unnecessary,  there- 
fore, to  require  the  existence  of  other  special  molecular  forces  to 
explain  the  phenomena  of  cohesion,  adhesion,  capillarity,  &c. 


355 


PAET  III. 
DYNAMICS   OF    THE  ATOMS. 

X. 

CHEMICAL  CHANGE  AND  ITS  CAUSES. 

§  186.  The  compounds  produced  by  the  union  of  ele- 
mentary bodies  are  not  to  be  regarded  as  unchangeable,  but 
rather  as  subject  to  the  greatest  possible  variety  of  changes, 
which  without  exception  can  be  attributed  to  the  movements 
of  material  particles.  These  changes  must  therefore  be  con- 
sidered as  forming  a  branch  of  the  study  of  mechanics,  a  view 
held  many  years  ago  by  Berthollet.  Since  in  accordance  with 
the  views  held  at  the  present  time  matter  is  composed  of 
ultimate  particles  consistmg  of  molecules,  and  these  again  of 
atoms,  the  changes  which  bodies  undergo  are  of  two  classes, 
according  as  the  composition  of  the  molecules,  so  far  as 
concerns  their  constituent  atoms,  is  affected  or  not.  The 
study  of  these  changes  falls  consequently  into  two  divisions  : 
in  the  first,  formuag  the  dynamics  of  the  molecules,  those 
changes  and  phenomena  are  investigated  which  are  determined 
by  the  movements  and  positions  of  the  molecules  alone :  in 
the  second,  constituting  the  dynamics  of  the  atoms,  are 
studied  those  phenomena  which  are  dependent  upon  the 
mutual  action  and  motion  of  the  atoms,  upon  which  again 
the  natm-e  of  the  molecules  themselves  is  dependent. 

The  subject  of  molecular  mechanics  may,  like  ordinary 
mechanics,  be  divided  into,  first.  Statics,  embracing  the  study 
of  the  equilibrium  of  molecules  ;  secondly,  Kinematics,  the 
study  of  their  movements  ;  and  thirdly,  Dynamics,  the  study 
of  the  forces  of  the  molecules.    A  corresponding  series  of 

A  A  2 


356 


MODERN  THEORIES  OF  CHEMISTRY 


divisions  may,  in  accordance  with  the  views  of  Berthollet,  be 
made  in  the  mechanics  of  the  atoms  :  first,  Statics,  the  study 
of  the  equihbrium  of  the  atoms ;  secondly,  the  forces  and 
movements  of  the  atoms,  which  cannot  well  be  further  suIj- 
divided,  but  may  suitably  be  styled  the  Dynamics  of  the 
atoms,  which  is  more  usually  spoken  of  as  the  doctrine  of 
chemical  change.  Inasmuch  as  the  movements  of  the  mole- 
cules must  affect  the  relative  position  of  the  atoms  composing 
them,  and,  on  the  other  hand,  the  movements  of  the  atoms 
influence  the  condition  and  behaviour  of  the  molecule,  there 
are  many  phenomena  which  will  require  for  their  elucidation 
the  aid  of  both  these  branches  of  science.  Nevertheless,  a 
fairly  well-defined  boundary  may  be  drawn  between  the  two, 
as  soon  as,  in  the  study  of  any  given  phenomena,  the  impor- 
tant and  essential  can  be  discriminated  from  that  which  is 
mere  ly  accessory  and  non-essential. 

§  187.  Molecular  mechanics  embraces  the  study  of  all 
those  phenomena  in  which  the  nature,  number,  and  linkage 
of  the  atoms  composing  the  molecules  remain  unchanged; 
the  movements  of  the  atoms  themselves  may,  however,  under- 
go considerable  changes.  The  mechanics  of  the  atoms  is  con- 
cerned with  the  study  of  such  phenomena  as  are  dependent 
upon  the  nature,  number,  and  mode  of  linkage  of  the  atoms 
composing  the  molecules. 

The  phenomena  of  cohesion,  capillarity,  adhesion,  changes 
of  the  state  of  aggregation,  fusion  and  sohdification,  crystal- 
lisation, evaporation,  vaporisation  and  condensation,  solution, 
absorption,  diffusion,  friction  and  analogous  changes  belong, 
therefore,  to  the  study  of  molecular  mechanics.  The  mecha- 
nics of  the  atoms  treats  of  the  atoms  themselves,  and  the 
statics  embraces  the  conditions  of  equilibrium  of  the  atoms, 
as  laid  down  in  the  two  preceding  books,  whilst  the  subject  of 
this  division  of  the  work  will  be  the  dynamics  of  the  atoms,  or 
the  doctrine  of  chemical  change. 

Between  the  mechanics  of  the  molecules  and  of  the  atoms 
there  is  still  a  wide  field,  which  may  equally  well  be  considered 
as  belongmg  to  one  or  the  other  division,  and  may  be  regarded 
as  forming  that  branch  of  study  which  has  for  its  object  the 
investigation  of  the  dependence  of  the  mechanics  of  the  mole- 
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cules  upon  those  of  the  atoms.  This  forms  that  extensive 
field  of  knowledge  known  as  physical  chemistry,  which  has 
for  its  object  the  investigation  of  the  interdependence  of  the 
physical  properties  of  bodies  and  their  stochiometric  com- 
position, as  also  of  the  linking  of  the  atoms  m  thek  molecules. 
This  branch  of  science  should,  from  a  strictly  theoretical  point 
of  view,  belong  more  specially  to  physics  than  to  chemistry. 
For  assuredly  the  investigation  of  the  physical  properties  of 
substances  and  then*  causes  is  the  province  of  physics.  As  a 
matter  of  fact,  the  opposite  has  obtained.  This  has  arisen 
from  the  fact  that  the  physical  properties  are  dependent  upon 
the  atomic  linkage,  and  hence  their  study  is  emmently  adapted 
for  the  investigation  of  the  arrangement  of  the  atoms  obtain- 
ing in  the  molecule.  It  is,  however,  to  be  expected  that,  in 
the  future,  physical  investigations  of  the  material  nature  of 
substances  will,  as  one  of  the  most  important  fundamental 
constants,  receive  more  and  more  attention ;  and,  consequently, 
m  this  way  these  investigations  will  gradually  come  to  be  re- 
garded as  a  branch  of  physics. 

§  188.  The  division  of  the  material  between  atomic  and 
molecular  mechanics  is,  on  the  whole,  a  matter  of  no  great 
difficulty  :  to  the  former  belong  all  phenomena  regarded  as 
chemical  in  the  narrower  signification  of  the  term ;  to  the 
latter  physical  phenomena.  But,  just  as  the  boundary  be- 
tween physics  and  chemistry  cannot  be  sharply  defined,  so,  m 
many  respects,  does  the  boundary  between  atomic  and  mole- 
cular mechanics  become  uncertain.  In  cases  of  changes  in 
the  stochiometric  composition,  there  is,  as  a  rule,  no  difficulty 
in  deciding  whether  the  change  in  question  be  a  chemical  or  a 
physical  one.  StiU,  even  here,  many  cases  occur  of  a  doubt- 
ful nature,  more  especially  in  connection  with  the  cases  of 
molecular  aggregations,  e.g.  the  compounds  with  water  of 
crystallisation,  and  the  lilce,  which  may  either  be  regarded  as 
produced  by  the  juxtaposition  of  molecules,  or,  with  equal 
justice,  as  true  chemical  compounds.  Certainty  may  also  be 
felt  as  to  the  classification  of  cases  of  isomeric  and  allotropic 
modifications.  The  conversion  of  white  phosphorus  into  the 
red  modification  may  be  regarded  as  a  chemical  change, 
brought  about  by  a  change  in  the  composition  of  the  mole- 
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cules,  formed  of  unclaanged  atoms.  The  difference  between 
amorphous  and  crystalHne  sulphur  may  be  explained  in  a 
similar  manner ;  whereas  the  different  crystalline  forms  of 
sulj)hur  might  rather  be  attributed  to  different  forms  of 
aggregation  of  similar  molecules,  of  which  the  one  represents 
the  state  of  equilibrium  at  one  temperature,  the  other  a  like 
condition  at  a  higher  temperature.  A  similar  statement 
applies  to  the  case  of  the  modifications  of  calcium  carbonate ; 
arragonite  crystallising  from  water  at  a  higher,  and  calc-spar 
at  a  lower  temperature. 

As  a  rule,  the  allotropic  modifications  produced  by  change 
of  external  conditions,  e.g.  of  temperature,  may  be  considered 
as  arising  simply  from  the  different  mode  of  grouping  un- 
changed molecules,  and  therefore  they  resemble  the  so-called 
physical  isomerides,  which  revert  to  their  original  state  when 
brought  under  the  normal  conditions,  or  by  some  other  trivial 
influence,  such  as  aftects  the  conversion  of  the  yeUow  modifica- 
tion of  mercuric  iodide  into  the  red,  or  vice  versa.  The  two 
forms  of  benzophenone  afford  an  instance  of  physical  isomer- 
ism ;  the  conversion  of  one  form  of  it  may,  m  fact,  be  effected 
by  simple  contact  with  the  crystal  of  the  isomeride.  But 
between  these  cases  of  difference  in  physical  properties,  and 
those  in  which  the  chemical  composition  remains  the  same, 
the  physical  and  chemical  properties  are  so  distmct  that  the 
substances  are  said  to  be  chemically  isomeric  ;  there  are  many 
instances  resembling  both,  formmg,  as  it  were,  a  bridge  be- 
tween the  two  extremes ;  hence  it  becomes  impossible  to  draw 
a  hard  and  fast  line  between  physical  and  chemical  isomerism, 
or  physical  and  chemical  allotropism. 

§  189.  The  chemical  changes  forming  the  subject  of  atomic 
dynamics  may  be  classed  as  follows  : — 

1.  Formation  of  molecules  by  direct  union  of  atoms  (pure 

synthesis),  or 

2.  Their  decomposition  into  atoms. 

3.  Several  molecules  may  unite  to  form  one  single  mole- 
cule (addition),  or 

4.  One  molecule  may  be  decomposed  into  several,  which 
may  either  be  similar  or  dissimilar. 
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5.  A  molecule  may  lose  one  or  several  of  its  component 

atoms,  or 

G.  May  take  up  other  atoms. 

7.  The  withdrawal  and  simultaneous  replacement  of  an 
atom,  which  generally  takes  place  in  such  a  way  that  the  re- 
placing atom  is  equivalent  to  the  atom  replaced,  and  usually 
takes  its  position  (substitution) . 

8.  The  atoms  in  the  molecule  may  change  their  mode  of 
linkage  (isomeric  change). 

These  are  the  chief  modes  of  chemical  change,  but  usually 
several  of  them  occur  simultaneously,  rendering  in  this  way 
the  resulting  phenomena  more  or  less  complex. 

The  simplest  cases  are  by  no  means  the  most  frequent ; 
more  especially  is  this  the  case  with  regard  to  the  two  first 
modes  of  action,  which  seldom  occur,  owing  to  the  conditions 
rmder  which  our  observations  are  made.  The  formation  of  a 
compound  from  its  elements,  or  its  decomposition  into  these, 
is  not  necessarily  identical  with  the  formation  of  their  mole- 
cules from  isolated  atoms,  or  their  resolution  into  atoms  ;  in- 
asmuch as  the  molecules  of  elements  {vide  §  18)  consist,  as  a 
rule,  of '  several  atoms,  and  are  therefore  compounds,  dis- 
tinguished from  other  compounds  by  the  fact  that  they  are 
composed  of  similar  atoms. 

As  will  be  shown  later  on,  it  is  only  at  very  high  tempera- 
tures that  the  decomposition  of  compounds  into  isolated 
atoms,  or  the  formation  of  compounds  from  these  again,  can 
take  place.  It  has  not  yet  been  demonstrated  whether,  at 
temperatures  above  3000",  water  is  resolved  into  the  atoms  of 
its  elements,  thus : 

HOH  =r  H  +  H  +  0, 

or  whether  this  change  is  effected  in  the  manner  expressed  by 
the  followmg  equation : — 

2H0H  =        +  0^. 

In  the  case  of  some  elements,  as,  for  instance,  mercury 
and  cadmium,  we  know  that  they  form,  in  the  gaseous  state, 
monatomic  molecules,  and  can,  therefore,  enter  into  combina- 
tion without  a  previous  resolution  of  their  molecules  into 
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atoms.  But  even  in  those  cases  where  such  an  element  com- 
bmes  directly  with  a  molecule  of  another  element,  e.(j.'. 

Hg  +  CI,  =  HgCl,, 

then  combination  and  decomposition  take  place  simultaneously, 
for  the  atoms  of  the  second  element,  which  in  this  instance  is 
chlorine,  are  separated  from  one  another,  thus  : 

Hg  +  CI— CI  =  CI— Hg— CL 

In  the  same  way  the  decomposition  of  a  compound  is  ac- 
companied by  the  production  of  a  compound  : 

I— Hg-I  =  Hg  +  I-I. 

It  more  frequently  happens  that  molecules  are  produced 
by  the  union  of  molecules  than  by  the  union  of  isolated  atoms, 
and  also  that  molecules  are  resolved  into  others  rather  than 
into  atoms,  e.g.:  H  H 

^=Cz:C=^  +  CI— CI  =  Cl— C— C— CI 

H  H 

Ethene  Chlorine  Ethane  chloride 

0=:Czi:  +  Cl  -  Cl  =  OziCii^l 

Carbon  monoxide  Chlorine     Carbonyl  chloride 

HO— CO— CO— OH  =  H— 0-H  +  0-C=0  +  |=:C^0. 

Oxalic  acid  =       Water       +      Carbon      +  Carbon 

dioxide  monoxide 

But,  in  these  cases  also,  affinities  are  simultaneously  com- 
bined and  set  free ;  at  any  rate,  this  may  be  supposed  to  occur 
w^ith  chlorine  in  the  second  of  the  above-mentioned  instances. 

By  far  the  most  frequent  form  of  chemical  change  is,  as 
was  pointed  out  by  Gerhardt,'  that  of  double  decomposition, 
in  which  two  or  more  molecules  mutually  exchange  elements 
in  such  a  manner  that  both  are  decomposed,  and  new  com- 
pounds are  produced  from  their  constituents,  e.g. : 

H3C— OH     +      HCl     =  H3C-CI  +  HOH. 

Wood  spirit       +  Hydrochloric  =       Methyl      +  Water 

acid  chloride 


'  Traitd  cle  Chimie  organiqtie,  T.  iv.  570,  &c. 
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To  this  class  of  decomposition  belongs  the  majority  of 
these  cases,  which  were  formerly  wrongly  regarded  as  pm-e 
syntheses  of  molecules  from  isolated  atoms,  e.g.  the  formation 
of  hydrochloric  acid : 

H— H  +  CI— CI  =  H— CI  +  H— CI. 

A  double  decomposition  is  frequently  preceded  by  the 
addition  of  two  molecules,  e.g.  the  formation  of  the  arsenic 
compounds  mentioned  in  §  178  : 

(CH3),AsCl  +  CI,  =  (CH3)2AsCl3  =  (CH3)AsCl,  +  CH3CL 

It  is  possible  that  this  is  the  general  rule,  for  we  must  assume 
that  the  molecules  must  come  very  close  together,  in  order 
that  the  forces  producing  these  reactions  (forces  which  are 
effective  at  only  very  small  distances)  may  come  into  play. 

It  is  in  this  way  that  Kekule '  attempts  to  explain  the 
formation  of  many  bodies  which  he  regards  as  molecular 
compounds,  e.g. — • 

NH3  +  I(CH3)  =  NH3l(CH3)  =  NH^lCHg)  +  HI. 

Many  of  the  compounds  regarded  as  molecular  by  Kekule,^ 
especially  those  of  nitrogen  and  its  analogues,  are  now  sup- 
posed to  be  true  atomic  compounds,  to  which  these  views  can 
no  longer  be  applied.  It  is,  however,  quite  possible  that 
molecular  additions  precede  chemical  changes  more  frequently 
than  we  at  j)resent  suppose. 

§  190.  The  displacement  of  the  constituents  of  molecules 
is  necessarily  accompanied  by  a  change  in  the  mutual  attrac- 
tion or  mode  of  linking  of  the  atoms.  The  simplest  case  is 
that  in  which  the  position  of  the  atom  displaced  is  filled  by 
the  displacing  atom,  when  in  other  respects  the  linking  remains 
unaltered ;  this  appears  to  occur  very  frequently,  especially  in 
those  changes  spoken  of  as  simple  substitution,  and  is  charac- 
terised by  the  fact  that  the  valency  of  the  atom  or  radical 
displaced  is  equal  to  that  of  the  atom  or  radical  by  which  it 
has  been  displaced,  and  further,  that  the  chemical  properties 
of  the  new  substances  resemble  those  of  the  original  as  far 
as  is  compatible  with  the  relative  properties  of  the  displacing 
and  displaced  portions. 

'  Vide  note  on  p.  315.  2  yidc  §  166. 
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That  the  linkage  also  changes  when  several  molecules 
unite  to  form  one  molecule  is  shown  in  the  cases  of  the  for- 
mation of  ethylene  dichloride  and  of  phosgene  gas,  mentioned 
in  the  last  section.  Similarly  in  the  formation  of  polymerides, 
which  are  simply  produced  by  the  union  of  several  similar 
molecules  to  form  one  single  molecule,  the  portions  which  were 
at  first  separate  are  now  united  by  bonds  of  union  which 
were  previously  either  unused  or  otherwise  employed.  The 
numerous  instances  of  the  changes  of  a  substance  into  iso- 
merides  having  the  same  molecular  weight  but  different 
properties,  can  only  arise  from  a  change  of  the  position  and 
mode  of  linking  of  the  atoms,  a  view  which  can  be  substan- 
tiated in  such  cases  as  have  been  most  thoroughly  investigated. 

Changes  of  the  mode  of  linking  appear  frequently  to 
accompany  changes  of  composition,  and  in  such  a  manner 
that  the  mutual  relations  of  the  atoms  in  the  residue  are  also 
affected.  These  cases  are  often  difficult  to  detect;  indica- 
tions of  such  changes  having  taken  place  may,  however,  be 
recognised  when,  judging  from  a  comparison  with  those  cases 
analogous  in  character,  the  properties  of  a  substance  appear 
to  have  undergone  a  change  greater  than  can  be  explained  as 
resulting  from  the  simple  change  in  composition.  Such  con- 
clusions are  often  of  an  uncertain  character. 

The  solution  of  the  question  as  to  whether  changes  have 
taken  place  in  the  atomic  Imkage  in  any  particular  case  is  to  be 
attempted  by  the  aid  of  those  rules  and  methods  laid  down,  in 
the  seventh  chapter  of  this  book.  The  solution  of  this  problem, 
though  difficult,  is  a  matter  of  necessity,  for  without  a  know- 
ledge of  the  changes  takmg  place  in  the  linkage  of  the  atoms 
of  a  molecule,  which  obtain  in  a  given  chemical  action,  the 
comprehension  and  explanation  of  this  particular  change  must 
be  wanting  in  completeness. 

§  191.  The  causes  of  chemical  change  are  to  be  sought  in 
part  m  the  molecules  themselves,  and  in  part  in  the  atoms 
composmg  them,  as  also  in  external  circumstances,  but  only 
so  far  as  the  latter  exert  an  influence  on  the  molecules  them- 
selves, which  influence  is  dependent  upon  the  nature  of  the 
atoms. 

Our  knowledge  of  those  causes  of  chemical  action  which 
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are  dependent  upon  the  intrinsic  nature  of  the  atoms  them- 
selves, is  extremely  limited.  We  need  not,  therefore,  be  sur- 
prised that  the  material  changes  constituting,  in  the  restricted 
sense  of  the  term,  true  chemical  phenomena,  which  are  so 
frequently  accompanied  by  external  changes  of  so  marked 
and  surprising  a  character,  should  from  the  first  have  been 
attributed  to  a  special  and  peculiar  force,  for  a  long  time 
known  as  affinity  or  combining  j)ower.' 

The  necessity  of  explaming  chemical  action  by  calling  into 
existence  a  distinct  force,  has  been  repeatedly  contested.  Its 
existence  has  been  denied  on  two  distinct  grounds.  First, 
affinity  was  said  to  be  identical  with  other  forces  such  as  the 
universal  attraction  of  matter,  gravitation,  or  with  electrical 
attraction ;  or,  secondly,  the  ]30wer  of  attraction  or  action  at 
a  distance,  i.e.  the  existence  of  any  force  acting  through  space, 
was  denied  and  considered  untenable,  the  phenomena  being 
explained  by  the  movement  of  material  particles  in  the  same 
way  that  the  kinetic  theory  (§  14)  explains  the  pressure  of 
gases  (which  was  formerly  supposed  to  be  due  to  action  at  a 
distance)  by  the  motion  of  the  molecules. 

BerthoUet,  as  has  already  been  mentioned  in  the  mtro- 
duction,  attempted  to  explain  chemical  action  by  the  univer- 
sal attraction  of  matter,  whilst  Berzehus  tried  to  show  it  as 
being  dependent  upon  electrical  attraction.  The  conception 
that  all  actions  usually  regai-ded  as  due  to  attraction  are  in 
reahty  the  outcome  of  the  movements  of  the  ultimate  parti- 
cles, and  that  they  do  not  require  any  special  force  of  attrac- 
tion for  then-  explanation,  was  current  among  physicists  in 
the  last,  and  at  the  begmuing  of  this  century,  and  an  attempt 
was  made  by  Le  Sage,^  with  at  all  events  but  little  success,  to 
explam  chemical  phenomena  in  this  manner.  Since,  in  the 
last  few  years,  consequent  upon  the  development  of  the  me- 
chanical theory  of  heat,  the  kmetic  explanation  of  phenomena 
in  molecular  physics  has  been  gradually  preferred  to  others, 
it  would  appear  probable  that  in  the  future  it  will  find  a 

'  For  the  historical  development  of  the  conception  of  affinity,  consult 
H.  Kopp,  Geschichte  der  Cheviie,  ii.  2G3,  &c. 

-  G.  L.  Le  Sage,  Essai  de  Chimic  Mdcanique,  couronn6  en  1758  par 
I'acacUmie  de  Eouen. 
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further  extension  in  the  province  of  chemistry.  The  theory 
of  vortex-atoms,  connecting  an  old  Cartesian  doctrine  with  a 
new  one  by  Eankine,  fomided  by  Sir  Wilham  Thomson  upon 
the  physico-mathematical  investigations  of  Helmholtz,  may 
form  the  commencement  of  such  an  extension.' 

According  to  this  theory,  atoms  are  small,  but  finite  sys- 
tems of  matter,  which  rotate  about  an  endless  curve  as  axis, ' 
and  which,  according  to  the  investigations  of  Helmholtz, 
based  upon  certain  hypotheses,  possess  the  peculiar  property 
that  their  mass  cannot  be  affected  by  external  influences. 
Although  these  views  promise  a  great  deal,  still  much  requires 
to  be  done  before  a  complete  kinetic  theory  of  affinity  can  be 
established  ;  nor  is  it  at  all  probable  that  such  a  one  could  be 
developed  without  taking  into  consideration  other  molecular 
actions  and  also  electricit3\  It  appears  probable  that  a  theory 
of  the  so-called  action  of  affinity  will  be  found  which  will  in 
itself  unite  the  three  methods,  in  which  Le  Sage,  Berzelius, 
and  Berthollet  attempted  to  avoid  the  acceptance  of  a  special 
chemical  force  or  attraction. 

As  long,  therefore,  as  such  a  general  theory  of  chemical 
actions  is  wanting,  we  may  retain  the  fiction  of  a  force  of 
affinity  without  in  the  least  being  convinced  of  its  reality,  just 
as  physicists  are  accustomed  to  speak  of  a  positive  and  nega- 
tive electrical  fluid  without  in  the  least  wishing  to  affirm  that 
the  electricities  are  in  reality  liquids.  There  can  be  no  danger 
attending  the  use  of  such  a  hypothesis,  so  long  as  no  greater 
importance  is  attached  to  it  than  it  can  justly  lay  claim  to ;  it 
becomes  at  once,  however,  a  source  of  danger  so  soon  as  con- 
clusions are  drawn  from  it  which  are  not  based  upon  facts. 
Accordingly,  in  the  following,  the  actual  cause  of  chemical 
phenomena  arising  from  the  quality  of  the  atoms,  will,  as  a 
rule,  be  spoken  of  as  affinity,  and  treated  as  a  force  of  attrac- 
tion, although  the  author  regards  the  existence  of  such  a  force 
acting  through  space  (however  small),  from  particle  to  particle, 
as  not  even  demonstrated- 

Opportunities  will  doubtless  offer  themselves  of  assignmg 

•  0.  E.  Meyer,  Kinetische  Theorie  der  Gase,  2-14;  vide  also  J.  J.  Thomson 
On  the  Motion  of  Vortex  Rings.  The  Adams  Prize  Essay,  1882.  See  especi- 
ally pp.  Ill  et  seg. 
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to  their  proper  place  some  of  those  conckisions  arrived  at  by 
too  free  a  use  of  this  hypothesis. 

§  192.  Whatever  affinity  may  be,  whether  it  is  a  species 
of  attraction  or  results  from  a  peculiar  form  of  motion  of  the 
particles  of  matter  which  we  style  atoms,  it  remains  for  us  to 
investigate  its  character,  and,  if  possible,  to  measure  its  in- 
tensity. Although  the  solution  of  this  problem  has  been 
attempted  from  time  immemorial,  yet  at  the  present  time  we 
are  only  on  the  threshold  of  such  a  solution. 

In  the  course  of  time  many  different  forms  of  affinity  have 
been  distinguished  from  one  another,  such  as  simple,  double, 
&c.,  reciprocal,  predisposing,  latent,  and  many  others.  But 
these  distmctions  relate  more  to  the  conditions  under  which 
the  forces  come  into  operation,  and  to  the  results  of  their 
action,  than  to  the  nature  of  the  affinities  themselves. 

Further,  the  majority  of  these  distmctions  relate  to  views 
of  the  constitution  of  compounds  which  are  now  obsolete,  so 
that  we  need  not  further  consider  this  category  of  affinities 
which  has  fallen  into  disuse.' 

Fm-ther,  we  need  not  consider  those  old  attempts  to 
measure  the  strength  of  affinity,^  which  were  made  before  the 
development  of  stochiometry.  The  doctrine  of  Berthollet 
must  be  accepted,  for  this,  although  developed  without  a 
knowledge  of  stochiometry,  and  therefore  needing  a  thorough 
revision,  is  in  the  main  still  correct.  What  Berthollet  styled 
affinity  is  now  known  by  another  name  and  is  somewhat 
different  from  that  we  now  regard  as  affinity ;  nevertheless,  it 
is  probable  that  with  advancement  in  knowledge  the  ideas 
developed  from  BerthoUet's  doctrine  will  make  themselves 
more  and  more  widely  felt. 

§  193.  The  views  regarding  the  existence  of  affinity  have 
been  specially  influenced  by  the  well-known  fact  that  all  the 
external  causes  of  chemical  action  to  be  described  in  §  194 
may,  and  m  fact  generally  do,  result  from  its  action.  Heat, 
light,  electricity,  and  every  other  form  of  mechanical  action, 
may  be  produced  by  chemical  action,  but  only  in  fixed  and 

'  For  further  information  v.  L.  Gmelin's  Handb.  5  Aufl.  1.  cxi.  (1852) 
H.  Kopp,  Geschichte  der  Chcniie,  ii.  302-306  (184'1). 
H.  Kopp,  ibid.  307,  &c. 
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limited  quantities.  Whilst,  formerly,  the  relationships  of 
chemical  to  thermal,  optical,  and  electrical  phenomena  led  to 
the  conception  of  heat,  light,  and  electricity,  as  being  im- 
ponderable substances,  which  could  combme  in  equivalent 
proportions  with  the  ponderable ;  just  as,  at  the  present  time, 
all  these  physical  phenomena  are  now,  in  like  manner,  con- 
sidered to  be  due  to  the  motions  of  the  atoms.  Inasmuch  as 
all  motions,  together  with  their  causes,  are  subservient  either 
to  the  laws  of  the  mechanical  theory  of  heat  or  to  the  doctrme 
of  the  conservation  of  energy,  so  also  chemical  changes  now 
take  their  place  amongst  the  numerous  and  diverse  phe- 
nomena, the  united  relationships  of  which  were  first  investi- 
gated and  explained  by  that  theory,  which,  although  old,  has 
within  the  last  forty  years  been  most  brilliantly  developed 
and  advanced.  The  doctrine  of  the  conservation  and  trans- 
formation of  energy,  more  especially  that  of  the  equivalence 
between  heat  and  work,  or,  in  more  general  terms,  between 
kinetic  and  potential  energy,  applies  to  chemical,  as  to  all 
other  phenomena. 

The  expectation  that  with  the  aid  of  these  laws  the  entire 
mechanics  of  the  atoms  could  be  evolved  and  represented  as 
deductions  from  a  single  principle,  still  remams  unfulfilled. 
Experience  has  shown  in  many  instances  the  fallacy  of  these 
altogether  too  sangume  theories,  and  consequently  investiga- 
tion has  once  more  been  forced  to  seek  advancement  in  the 
slower  but  more  certain  methods  dependent  upon  careful 
induction.  By  these  methods  thousands  of  reliable,  together 
with  many  unreliable  observations  have  been  made,  and  form 
material  ready  to  hand,  out  of  which  a  well-founded  theory 
of  affinity  may  be  raised  in  the  future. 

Wliatever  be  the  nature  of  chemical  affinity,  it  is  certainly 
subject  to  the  first  law  of  thermodynamics,  according  to 
which  law,  based  upon  the  fundamental  principle  of  the 
equivalence  between  heat  and  work,  in  all  cases  m  which 
work  is  produced  by  heat  an  amount  of  heat  disappears 
proportional  to  the  work  done,  and  conversely  by  the  same 
amount  of  work  an  equal  amount  of  heat  is  produced.  This 
statement  may  be  expressed  in  more  general  terms  as  follows  : 
*  That  in  any  body  or  in  any  given  system  of  bodies  confined 
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entirely  within  itself,  and  removed  from  all  external  influ- 
ences, the  sum  of  its  energy  remains  unchanged  in  whatever 
form  it  may  exist.' 

Work  is  here  understood  to  refer  to  every  change  in 
position  in  a  body  or  system  of  bodies,  effected  in  overcoming 
a  force  opposing  such  changes ;  and  by  energy  is  meant  the 
ability  to  perform  work. 

There  are  two  kinds  of  energy  :  (1)  that  of  motion,  or 
kinetic  energy;  (2)  energy  of  position,  or  potential  energy. 
All  bodies  in  motion  possess  kinetic  energy,  the  magnitude 
of  which  is  represented  by  half  the  product  of  the  mass  into 
the  square  of  the  velocity.  One  of  the  commonest  forms  of 
kinetic  energy  is  heat. 

Potential  energy  is  only  possessed  by  those  bodies  which 
are  acted  upon  by  forces  tending  to  produce  motion,  and 
therefore  to  impart  kinetic  energy  to  them.  The  total  kinetic 
energy  which  a  body  can  attain  by  reason  of  the  force  acting 
upon  it  is  the  measure  of  its  potential  energy. 

If  these  conclusions  be  applied  to  chemical  phenomena 
then  arises  the  question,  to  what  form  of  energy  does  affinity 
belong?  If  it  be  regarded  as  a  species  of  attraction  then 
the  affinity  with  which  two  separated  atoms  tend  to  attract 
one  another  represents  their  potential  energy.  When  the 
atoms  yield  to  its  influence  then  the  potential  becomes 
changed  into  kinetic  energy,  and  in  such  a  manner  that  at 
every  moment  the  sum  of  the  energies  remains  constant.  The 
moment  the  atoms  meet  then  the  potential  energy  is  com- 
pletely converted  into  kuietic,  which  as  a  rule,  although  not 
necessarily,  assumes  the  form  of  heat.  If  the  atoms  are  to 
be  agam  separated  and  brought  to  their  original  position, 
then  to  produce  this  change  an  amount  of  work  is  required 
equivalent  to  the  heat  developed  in  the  production  of  the 
compound. 

If,  on  the  other  hand,  chemical  attraction  is  not  re- 
garded as  resulting  from  a  force  of  attraction,  but  as  the 
action  of  forms  of  motion  pecuHar  to  the  atoms,  the  heat 
of  combmation  is  the  result  not  of  potential  but  of  already 
existing  kinetic  energy,  which  was  not  perceptible  as  heat. 
The  phenomenon  is  analogous  to  the  condensation  of  a  gas  or 
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the  solidification  of  a  liquid,  in  which  the  so-called  latent 
heat,  heat  at  least  existing  partially  as  kmetic  energy,  becomes 
changed  into  sensible  heat,  producing  a  rise  in  temperature. 

When  the  atoms  are  to  be  restored  to  their  original 
condition,  then  the  kiiietic  energy  which  they  have  lost  must 
be  restored  to  them,  for  which  purpose  any  other  of  its  forms, 
or  even  potential  energy,  may  be  used. 

Both  of  these  conceptions  are  in  themselves  equally  justi- 
fiable, and  whichever  view  be  adopted  the  fundamental  laws 
of  mechanics  may  still  be  applied  to  the  elucidation  of  the 
nature  of  af&nity.  It  is,  however,  important  to  keep  this  fact 
steadily  in  mind,  because  theoretical  conclusions  have  been 
arrived  at  on  the  supposition  that  the  first  conception  was  alone 
correct,  and  these  deductions  were  regarded  as  undoubtedly 
correct  although  contravened  by  observation.  If,  however,  we 
remain  thoroughly  convinced  of  the  hypothetical  nature  of  this 
conception,  then  affinity  may  without  risk  be  treated  and 
considered  as  a  force  of  attraction.  This  conception  will  be 
adopted  in  the  subsequent  portions  of  this  book,  on  account 
of  its  convenience  and  simplicity,  although  the  author  is 
inclined  to  regard  the  other  view  as  the  more  correct. 

§  194.  The  external  causes  of  chemical  action  are  many  in 
kind.  Their  influence  in  producing  chemical  action  varies  con- 
siderably, and  in  many  cases  is  of  the  utmost  importance  in 
effecting  chemical  change.  In  fact,  in  all  probability  no 
chemical  change  could  take  place  without  their  co-operation ; 
moreover,  the  atoms  would  retain  the  position  of  equilibrium 
once  assumed,  were  it  not  for  disturbances,  usually  produced 
by  aid  of  external  circumstances.  There  are  many  chemical 
compounds  in  which  the  equilibrium  of  the  atoms  can  be  so 
disturbed  by  feeble  or  strong  mechanical  force  as  to  produce 
chemical  change,  in  consequence  of  which  other  positions  of 
equilibrium  are  assumed.  Heat  effects  a  similar  change  on  a 
much  larger  number  of  bodies,  and  probably  exerts  such  an 
influence  on  all  known  chemical  compounds.  This  statement 
applies  in  such  general  terms  only  when  heat  is  understood  to 
mean  that  which  is  conducted  and  communicated  to  ponderable 
matter,  since  radiant  heat  and  hght,  which  are  neither  theo- 
retically nor  experimentally  separable,  can  only  under  certani 
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fixed  conditions  and  with  certain  substances  produce  chemical 
changes. 

Another  powerful  agent,  perhaps  identical  with  affinity  so- 
called,  is  electricity,  which  is  capable  of  decomposing  and 
forming  chemical  compounds.  This  holds  true  more  especially 
of  voltaic  electricity,  whilst  free  or  static  electricity  appears, 
as  a  rule,  to  act  simply  in  consequence  of  the  heat  produced 
by  the  discharge.  These  causes  seldom  act  alone,  usually 
several  of  them  act  simultaneously,  either  supporting  one 
another  or  completely  or  partially  neutrahsing  each  other,  so 
that  difficulty  is  experienced  in  attempting  to  distinguish 
their  action  and  in  isolatmg  and  identifying  their  individual 
effects.  It  is  necessary,  however,  for  theoretical  considerations 
to  investigate  them  and  their  mode  of  action  individually. 
As  far  as  time  will  allow  this  will  be  attempted  in  the  follow- 
ing sections,  four  of  which  are  devoted  to  the  essentially 
external  causes— impact,  heat,  light,  and  electricity— and  the 
two  remaining  ones  to  the  influence  of  matter  considered 
qualitatively  and  quantitatively. 
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XI. 

CHEMICAL  CHANGES  PRODUCED  BY  MECHANICAL 

DISTURBANCE. 

§  195.  A  NUMBER  of  chemical  compounds  undergo  some 
form  of  change,  which  is  produced  in  them  by  contact,  pres- 
sure, impact,  shock,  or  other  form  of  mechanical  disturbance. 
The  'ease  with  which  this  decomposition  takes  place,  and  also 
the  phenomena  associated  with  it,  differ  very  considerably. 
All  possible  stages  of  this  change  are  known,  from  a  slow  or 
rapid  change  of  one  or  a  few  properties,  such  as  crystalline 
form,  colour,  and  the  like,  to  a  complete  decomposition, 
accompanied  by  violent  explosion  and  phenomena  of  com- 
•  bustion.    All  substances  capable  of  undergoing  such  changes 
resemble  each  other  inasmuch  as  their  molecules  or  atoms  are 
in  a  state  of  unstable  equilibrium,  to  which  after  a  disturbance 
they  no  longer  return.    This  equilibrium  is  frequently  dis- 
turbed by  a  change  of  temperature,  either  by  an  increase  or  by 
a  reduction  of  the  same  ;  the  action  of  heat  is  not  in  all  cases, 
however,  necessarily  identical  with  that  effected  by  a  mechani- 
cal disturbance.    In  many  cases  this  state  of  unstable  equili- 
brium exists  only  within  certain  limits  of  temperature,  whilst 
at  other  temperatures  the  equilibrium  is  completely  stable.  ^ 

§196.  The  so-called  ahotropic  modifications  of  bodies  which 
are  only  stable  mider  certain  (often  very  hmited)  conditions  but 
easily  pass  into  a  more  stable  form  '  under  other  conditions, 
afford  an  example  of  unstable  equilibrium  of  the  molecules  and 

not  of  the  atoms. 

The  majority  of  these  substances  assume  two  or  more 
crystalline  forms,  the  one  forming  at  a  higher,  the  other  at 
a  lower  temperature,  or  on  crystaUismg  from  different  sol- 

1  For  examples  wdcO.  Lehmann,  Zeitschrift  fUr  Krystallograpliic,  1877,  i.  97. 
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vents,  &c.  These  forms  often  exhibit  a  tendency  to  remain  un- 
altered under  conditions  other  than  those  in  which  they  were 
produced ;  at  times  they  become  mobile  and  then  slowly  or 
suddenly  pass  into  this  stable  modification.  This  change 
may  take  place  either  without  external  cause  or  owing  to  a 
mechanical  disturbance ;  more  especially  is  this  the  case  when 
touched  with  a  crystal  of  that  modification  which  is  stable 
under  the  new  conditions. 

Examples  of  this  are  seen  in  the  case  of  sulphur,  which 
crystallises  at  high  temperatures  in  a  monoclinic  form,  and  at 
lower  temperatures  in  a  rhombic  form ;  also  in  the  case  of 
mercuric  iodide  which  when  heated  changes  from  red  to  yellow, 
and  in  many  other  substances. 

The  form  assumed  by  many  substances  in  passing  from 
the  liquid  state,  either  of  fusion  or  solution,  to  the  solid  state, 
is  determined  by  contact  with  a  crystal  of  one  or  other  of  their 
modifications.  .  Generally  one  only  of  these  forms  represents 
the  state  of  stable  equilibrium,  the  other  unstable  equilibrium. 
If  both  modifications  be  brought  simultaneously  into  the  fused 
substance  or  into  a  saturated  solution  of  the  same,  then  both 
continue  to  grow  until  they  come  in  contact  with  one  another. 
The  unstable  passes  then  into  the  stable,  since  it  is  consumed 
by  crystals  of  the  other.  The  stable  form  always  melts  at  the 
higher  temperature  as  seen  in  the  following  examples. 

Unstable  Stable 

Benzophenone     .       .       .26°     49°  (Zincke) 

51°     65°  (ToUens) 
60°     96°  (V.  V.  Eichter) 
23°     44°  (Laubenheimer) 
106°   118°  (Zincke) 
Nitrometachloronitrobenzene  36-37°   39°  (Laubenheimer) 
Tolylphenyl  ketone      .       .     55°     59°  (Zincke,  van  Dorp). 

If  one  of  these  substances  be  raised  to  a  temperature  con- 
siderably above  its  meltmg  point,  and  then  suddenly  cooled, 
it  will,  as  a  rule,  assume  the  less  stable  form,  melting  at  a 
lower  temperature.  Some  of  these  less  stable  modifications 
cannot  be  melted,  since  they  assume  the  stable  condition  before 
the  temperature  at  which  they  melt  is  attained,  an  example 

n  B  2 


Bibromopropionic  acid , 
Nitrotetrabromobenzene 
Metachloronitrobenzene 
Isohydrobenzoine  diacetate 
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of  this  is  to  be  found  in  the  case  of  one  of  the  modifications 
of  isohydrobenzoine  diacetate,  observed  by  Lehmann.' 

Supersaturated  solutions  afford  analogous  cases  of  condi- 
tions of  unstable  equilibrium  of  the  molecules  of  liquids  ;  these 
when  touched  by  a  crystal  of  the  substance  dissolved,  solidify 
in  the  form  of  the  modification  introduced.  It  may  be 
regarded  as  fully  established  that  such  solutions  do  not  con- 
tain the  substance  m  the  form  in  which  it  separates  out,  but 
in  a  form  differing  by  the  amount  of  water  of  crystallisation 
contained  in  it. 

Solid  bodies  may  also  have  their  molecules  in  a  state  of 
unstable  equilibriuni,  as  is  seen  in  the  case  of  Eupert's  drops, 
obtained  by  the  rapid  cooling  of  molten  glass. 

§  197.  Atoms  as  well  as  molecules  may  exist  in  a  state  of 
unstable  equilibrium,  from  which  by  impact  or  percussion  they 
may  be  made  to  pass  into  a  more  stable  state  of  rest.  The 
greater  number  of  such  substances  are  to  be  found  amongst 
compounds  containing  a  considerable  amount  of  oxygen, 
combined  with  combustible  elements.  The  nitrates,  nitrites, 
nitro-compounds  and  perchlorates  of  organic  compounds 
belong  especially  to  this  class,  These  bodies  have  one  feature 
in  common,  viz.  the  oxygen  is  completely  or  almost  enthely 
united  directly  to  the  nitrogen  or  chlorine.  By  reason  of 
their  feeble  affinity  these  elements  only  hold  the  oxygen  in 
loose  combination,  whereas  the  carbon  and  hydrogen  contained 
in  these  compounds  have  a  considerable  affinity  for  oxygen. 
Should  the  atoms  of  oxygen  be  brought  within  the  sphere  of 
attraction  of  carbon  or  hydrogen,  either  by  mechanical  dis- 
turbance or  motion  imparted  to  them  consequent  on  a  rise  in 
temperature,  then  a  combination  with  these  elements  ensues 
and  the  union  with  nitrogen,  and  chlorine  is  dissolved. 

The  decomposition  of  these  and  allied  substances  is,  there- 
fore, completely  analogous  to  that  of  gunpowder  or  similar 
explosive  mixtures,  from  which  it  differs  simply  in  the  fact 
that  in  the  latter  combustible  material  is  mechanically  mixed 
with  the  nitrates,  chlorates,  &c.,  which  contain  the  oxygen, 
and  is  not  therefore  contained  in  one  and  the  same  compound. 
There  still  remains  a  larger  number  of  unstable  compounds 

'  hoc.  cit.  126. 
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containing  either  no  oxygen  or  no  combustible  elements. 
The  compounds  of  chlorine  and  oxygen  afford  examples  of  this 
class,  more  especially  hypoclilorous  and  chlorous  anhydrides, 
also  the  monobasic  form  of  perchloric  acid,  C103.0H=HC104,' 
further  the  anhydride  and  acid  chloride  of  permanganic 
acid ;  again  the  compounds  of  nitrogen  with  a  large  amount 
of  oxygen  (nitric  pentoxide) ,  together  with  the  compounds  of 
nitrogen,  with  sulphur,  selenium,  chlorine,  bromine,  iodine, 
with  copper,^  silver,  gold,  and  finally  the  organic  diazo- 
compounds.  The  atoms  in  these  compounds  are  also  in  a 
state  of  equilibrium  more  or  less  unstable  and  hence  pass 
easily  into  more  stable  forms  of  combination. 

From  the  standpoint  of  the  older  conceptions,  according  to 
which  the  elements  m  a  fi-ee  state  consist  of  isolated  atoms, 
the  decomposition  of  many  of  these  compounds  into  their 
elements  was  quite  incomprehensible  and  inexplicable.  No 
reason  could  be  assigned  why  m  a  compound  of  nitrogen  and 
chlorine,  or  nitrogen  and  sulphur,  the  union  should  be  dis- 
solved by  simple  mechanical  disturbances.  Even  when  the 
affinities  of  these  elements  to  one  another  are  feeble,  still  the 
existence  of  a  force  sufficiently  great  to  overcome  this  must  be 
demonstrated ;  the  necessity  for  this  is  made  all  the  greater  by 
the  fact  that  the  decomposition  is  frequently  accompanied  by 
explosion  and  by  a  considerable  development  of  heat.  These 
phenomena  can  now  be  easily  explained  by  the  force  of 
attraction  which  the  atoms  of  one  and  the  same  element 
have  for  one  another.  When,  for  instance,  nitrogen  chloride, 
NCI3,  decomposes  mto  free  nitrogen,  N^,  and  free  chlorine, 
CI2,  this  takes  place  because  the  affinity  of  nitrogen  for 
nitrogen,  and  chlorme  for  chlorine,  is  greater  than  that  of 
nitrogen  for  chlorme.  From  one  compound  two  others  are 
produced,  in  which  the  elements  are  more  strongly  united 
than  in  the  former, 

NCI3  +  NCI3  =     +  CI,  +  CI,  +  CI,. 

_  '  The  crystalline  acid  C10,H3  =  C10,(OH)3,  and  that  obtained  by  evapora- 
tion of  the  aqueous  solution,  probably  C10„H,  =  0C1(0H)„  are  less  explosive 

2  Not  exploded  by  percussion,  but  by  heat.  In  the  case  of  some  of  the 
other  compounds  mentioned  explosion  by  percussion  has  not  as  vet  been 
observed. 
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The  decomposition  of  the  other  compounds  mentioned  above 
and  many  similar  ones  may  be  explained  in  like  manner, 
and  to  these  in  all  probability  the  majority  of  explosive 
diazo-compounds  must  be  added,  the  decomposition  of  which 
is  probably  due  to  the  fact  that  their  groups  of  two  nitro- 
gen atoms,  — N=N — ,  suddenly  change  into  free  nitrogen, 

§  198.  If  the  products  of  decomposition  of  a  liquid  or 
solid  compound  are  entirely  or  partially  gaseous,  then  the 
decomposition  may  be  accompanied  by  an  explosion,  often 
associated  with  a  considerable  evolution  of  heat.  Whether  an 
explosion  takes  place  or  not,  depends  not  only  on  the  material 
nature  of  the  decomposing  substance,  but  also  upon  the 
external  conditions  under  which  the  decomposition  takes 
place,  more  particularly  upon  the  nature  of  the  external  cause, 
i3y  which  the  equilibrium  of  the  atoms  is  disturbed  and  on  the 
hindrances  offered  to  the  evolution  of  the  gaseous  products  of 
decomposition.* 

Explosions  are,  as  a  rule,  produced  by  impact  and  per- 
cussion more  easily  when  these  act  rapidly  and  powerfully ;  still 
they  are  not  entirely  determined  by  the  mechanical  movement 
of  the  impact.  The  rapid  impact  of  a  small,  hard  mass,  acts 
better  than  that  of  a  much  larger  mass  movmg  at  a  lower 
velocity,  or  than  a  much  softer  substance.  In  many  cases  the 
effects  of  impact  may  be  produced  by  heat,  in  others  not.  Many 
substances,  for  example,  glyceryl  nitrate,  burn  quietly  when 
ignited,  whilst  percussion  causes  them  to  explode  violently. 
It  is  well  worthy  of  remark  that  undulatory  motions  and  other 
periodic  disturbances,  even  when  of  low  intensity,  easily  pro- 
duce explosions.  Every  substance  to  be  exploded  by  these 
means  requires  a  certain  velocity  of  vibration.  Iodide  of  nitro- 
gen, for  example,  does  not  explode  when  placed  on  a  string  or 
plate  producmg  a  low  note,  but  does  so  with  one  emitting  a  high 
note.  The  communication  of  disturbance  from  an  explodmg 
substance  to  an  explosive  substance  does  not  always  cause  the 

'  The  literature  of  this  subject  is  spread  through  a  large  number  of 
periodicals.    Amongst  later  works  those  of  Abel,  Nobel,  Champion,  and  Pellet 
must  be  specially  mentioned.    Berthelot,  Thomsen,  Springmiihl  and  other 
■  investigators  have  given  special  attention  to  this  subject. 
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latter  to  explode.  Whether  this  takes  place  or  not,  depends 
not  alone  upon  the  violence  of  the  first  explosion,  for  in  many 
cases  a  small  quantity  of  a  comparatively  feeble  explosive 
substance  may  determine  the  explosion  of  another,  even  when 
a  larger  mass  of  a  more  powerfully  explosive  substance  would 
in  no  way  succeed.  These  differences  depend  in  all  proba- 
bility upon  the  rhythm  of  the  disturbance  produced  by  the 
explosions,  in  such  a  manner,  that  the  atoms  are  only  set- 
vibratiag  by  vibrations  of  a  fixed  wave  length,  and  are  conse- 
quently further  removed  than  usual  from  their  state  of 
unstable  equilibrium  and  so  pass  into  a  state  of  stable  equili- 
brium. The  explosion  of  different  substances  by  vibrations  of 
different  wave  lengths  may,  accordingly,  be  explained  in  a 
manner  analogous  to  that  used  to  explain  the  sympathetic 
vibration  of  different  bodies,  sensitive  flames  and  the  like. 
Contact  with  certain  substances  may  also  effect  a  decomposi- 
tion, although  the  substances  themselves  undergo  no  change. 
The  decomposition  of  hydrogen  peroxide  by  platinum,  gold, 
silver,  manganese  peroxide,  and  other  substances,  is  so 
effected  ;  potassium  chlorate  also  decomposes  at  a  much  lower 
temperatm-e  when  in  contact  with  manganese  dioxide,  ferric 
oxide  or  copper  oxide,  than  when  heated  alone.  It  is  difficult 
to  decide  to  what  extent  these  so-called  contact  actions  are  to 
be  attributed  to  chemical  or  purely  mechanical  causes.  The 
power  possessed  by  animal  and  vegetable  fibres  to  decompose 
the  compounds  of  colouring  matters  and  precipitate  the 
colom'ing  matter,^  is  in  all  probability  dependent  more  upon 
mechanical  than  chemical  action.  Whether  a  decomposition 
takes  place  quickly  or  slowly,  or  whether  a  true  explosion,  or 
a  violent  deflagration  is  produced,  depends  upon  the  resist- 
ance the  gases  produced  meet  with.  With  many  substances 
the  shghtest  hindrances,  a  sheet  of  paper  or  the  like,  suffice 
to  convert  an  otherwise  quiet  decomposition  into  an  explosion. 
Nitrogen  chloride,  covered  with  the  smallest  possible  quantity 
of  water,  explodes  with  extreme  violence,  whereas  when  freely 
exposed  to  the  air  it  explodes  with  no  greater  violence  than 

'  A  striking  example  of  this  kind  is  in  the  dyeing  silk  blue  from  a  colourless 
solution  of  cyanine  acetate.  The  colour  itself  shows  that  the  cyanine  exists 
free,  and  not  combined  in  the  fibres  themselves. 
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does  the  analogous  compound,  iodide  of  nitrogen  (Abel).  The 
influence  of  such  obstacles  depends  most  probably  upon  the 
fact,  that  the  gaseous  particles  moving  with  great  velocity  are 
reflected  back  and  consequently  their  motion  conveyed  to  the 
unexploded  particles  remaining  behind.  In  the  same  manner 
many  substances,  even  those  which  do  not  require  oxygen  for 
their  explosion,  explode  easily  in  the  air,  but  not  in  vacuo. 

§  199.  Explosive  compounds  differ  greatly  in  their  stability. 
Thus,  whilst  chloride  or  iodide  of  nitrogen  explode  on  the 
slightest  touch  of  a  feather,  other  substances,  such  as  glyceryl 
nitrate,  picric  acid  or  its  salts,  require  for  their  explosion  the 
powerful  stroke  of  a  hammer  upon  a  hard  support.  These 
differences  are  determined  by  the  nature,  number  and  hnkmg 
of  the  atoms  contained  in  the  compounds.  The  laws  relating 
to  the  action  of  these  causes  have  been,  however,  but  little 
investigated.  In  the  case  of  those  compounds  containmg 
but  a  small  number  of  atoms  of  a  few  elements,  e.g.  nitrogen 
chloride  and  nitrogen  sulphide,  then  the  nature  of  the  atoms, 
more  especially  the  strength  of  their  affinities,  is  of  the 
greatest  import.  Still  the  matter  is  not  so  simple  that  one 
may  conclude  without  further  consideration  that  compounds 
held  together  by  feeble  afiinities  are  necessarily  most  easily 
decomposed.  The  ease  with  which  a  decomposition  takes 
place  is  dependent  not  only  upon  the  strength  of  the  affinities 
which  have  come  into  action,  but  also  upon  the  mtensity  of 
those  which  remain  unsatisfied. 

Consequently  the  facihty  with  which  the  decomposition 
takes  place  increases  with  the  strength  of  the  unsatisfied 
affinities  and  diminishes  with  the  intensity  of  the  satisfied 
affinities ;  it  is,  therefore,  determined  by  the  difference  be- 
tween the  strength  of  these  opposing  forces. 

The  explosive  tendency  of  a  compound  depends  not  only 
on  the  nature  of  the  constituents  but  also  upon  the  position 
and  motions  of  the  constituent  atoms. 

In  complicated  compounds,  such  as  the  organic  nitrates 
and  nitro-compounds,  the  number  of  the  atoms  and  their 
linkmg  has  special  influence  in  determining  their  explosive 
nature.  This  influence  is,  as  a  rule,  the  greater,  the  more 
nearly  the  amomit  of  oxygen  contained  in  the  compound 
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approaches  the  quantity  necessary  for  the  complete  combus- 
tion of  the  carbon  and  hydrogen  contained  in  the  compound. 
Glyceryl  trinitrate  (so-called  nitro-glycerine)  C3H,(N03)3  very 
nearly  satisfies  this  condition,  in  the  decomposition,  of  which, 
supposing  it  to  take  place,  as  follows, 

2C3HgN30,  =  6CO2  +  5H2O  +       +  0, 

one  atom  of  oxygen,  in  fact,  remains  in  excess  of  the  quantity 
required  for  complete  combustion  of  the  carbon  and  hydrogen. 
Those  derivatives  of  glycerine,  containing  a  smaller  number  of 
nitro-groups,  are  much  less  explosive  than  the  tri-nitrate.  If 
this  compound  be  mixed  with  a  nitrate  of  cellulose  (collodion - 
wool),  containing  an  excess  of  carbon  and  hydrogen,  the 
explosion  is  in  this  way  made  still  more  powerful.  Picric  acid 
or  trinitrophenol  is  tolerably  explosive ;  dinitrophenol,  which 
contains  less  oxygen,  is  less  so  ;  and  the  mononitrophenol  is 
not  explosive.  On  the  other  hand,  too  great  an  excess  of  oxygen 
attached  to  nitrogen  may  reduce  the  explosive  power  of  a  com- 
pound, although  the  number  of  carbon  and  hydrogen  atoms 
have  decreased.  Thus  nitroform  CH(N02)3  is  explosive,  whilst 
tetra-nitromethane  C(N02)4  is  not  explosive.  The  replacement 
of  a  part  of  the  hydrogen  in  nitro  and  allied  organic  com- 
pounds by  a  metal  increases,  as  a  rule,  its  explosive  nature. 
Thus,  for  instance,  potassium  picrate  CgH2(N02)30K  is  much 
more  exj)losive  than  picric  acid  C6H2(N02)30H. 

Eemarkably  explosive  are  the  so-called  fulminates,  such 
as  fulminate  of  silver  and  of  mercury  and  many  other  salts 
of  fulmmic  acid  which,  as  yet,  is  unknown  in  the  free  state. 
After  considerable  discussion  concerning  the  constitution  of 
these  compounds,  a  representation  has  now  obtained,  in  which 
the  metal  is  attached  directly  to  the  carbon,  thus  : 
O2N— CHg— CN  ;     02N.CAg2— CN ;      0,N— CAgK— CN 

(Mercury  fulminate)  (Silver  fulminate)     (Silver  potassium  fulminate) 

If  these  and  analogous  formulse  do  really  represent  the  true 
atomic  linking,  then  we  may  conclude  that  the  metals  are  but 
loosely  combined  with  the  carbon  in  these  compounds. 

§  200.  The  explosive  nature  of  those  compounds,  which  are 
thereby  resolved  into  their  elements,  affords  a  very  welcome 
proof  of  the  truth  of  Avogadro's  doctrine  of  the  compound 
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nature  of  the  molecules  of  many  elements.  The  existence 
also  of  those  compounds,  described  in  the  foregoing  para- 
graphs, containing  oxygen  combined  with  combustible  elements, 
furnishes  evidence  of  the  truth  of  the  doctrine  of  atom-linking. 
For  supposing  the  atoms  were  not  united  in  a  chain-like  union 
with  one  another,  but  that  each  is  attached  to  all  the  other 
atoms,  then  a  condition  of  equilibrium  such  as  obtains  in  ex- 
plosive compounds  would  no  longer  be  possible.  For  instance, 
potassium  picrate,  CgHaNgO^K,  would  assuredly  not  be  explo- 
sive, if  the  oxygen  contained  in  it  were  directly  united  to  the 
carbon  ;  in  fact,  it  possesses  this  property,  by  reason  of  the 
fact  that  of  the  seven  atoms  of  oxygen  contained  in  it,  six  are 
combined  solely  with  nitrogen  and  on  explosion  they  entirely 
or  to  a  great  extent  pass  into  combination  with  the  carbon 
and  hydrogen. 

Inasmuch  as  the  explosion  of  a  compound  is  determined 
by  the  affinity  of  atoms  not  directly  united  to  one  another, 
the  decomposition  by  mechanical  disturbance  appears  to  be 
very  nearly  allied  to  decompositions  resulting  from  the  exer- 
tion of  the  affinity  of  other  atoms  not  contained  in  the  com- 
pounds. The  explosion  of  explosive  mixtures,  e.g.  that  of 
gunpowder,  is  in  fact  dependent  on  this  cause.  Such  decom- 
positions are  scarcely  to  be  distinguished  from  those  of  an 
explosive  compound. 
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HEAT  AS  CAUSE  AND  EFFECT  OF  CHEMICAL  CHANGE. 

§  201.  The  position  of  equilibrium  of  the  atoms  in  com- 
pounds is  not  a  position  of  rest  but  rather  a  condition  of  re- 
stricted motion.  At  all  events,  the  motion  contained  in  bodies 
in  the  form  of  heat  is,  to  a  great  extent,  a  motion  of  the  mole- 
cules; but  although  it  is  theoretically  improbable  that  the 
atoms  should  not  in  their  extremely  rapid  motions  amongst 
themselves  displace  and  move  the  centre  of  gravity  of  the 
whole  molecule,  still  m  all  cases  in  which  the  intensity  of  the 
molecular  motion  can  be  measured,  it  has  been  shown  that 
this  does  not  completely  represent  the  heat-motion  contained 
in  the  substance,  and  consequently  a  portion  of  this  must  be 
due  to  the  motion  of  the  atoms.  A  proof  of  this  has  been 
specially  estabhshed  in  the  case  of  gases. ^ 

If,  therefore,  the  atoms  composing  a  molecule  are  in 
motion,  it  is  evident  that  they,  by  continued  accelerated 
movement,  may,  at  last,  be  so  far  removed  from  one  another 
as  to  escape  entirely  the  force  of  affinity,  active  only  within 
narrow  hmits,  and  be  unable  to  return  within  the  sphere  of 
its  action.  These  theoretical  views  find  a  confirmation  in 
the  fact,  that,  as  far  as  our  observations  go,  by  far  the 
greater  number  of  chemical  compounds  can  be  decomposed 
by  a  sufficiently  high  temperature.  In  all  probabihty  this 
may  hold  good  for  all.  This  action  of  heat  by  which  the 
mutual  attraction  of  the  atoms  is  overcome  by  accelerated 
heat-motion  alone,  occurs  apparently  only,  in  those  cases,  in 
which  compounds  are  resolved  mto  atoms  by  exposure  to  a  high 
temperature.    In  the  majority  of  instances  coming  under  our 

'  Clausius,  Ueber  die  Art  der  Bewegung,  welche  wir  WUrme  nennen  Pong 
Ann.  1857,  c.  355-377  ;  Ges.  Abh. ;  i  Aufl.  235. 
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notice,  the  action  of  heat  is  accompanied  and  not  unfrequently 
aided  by  that  of  affinity,  thus  compHcating  the  phenomena  and 
rendering  their  true  interpretation  more  difficult. 

When,  for  instance,  cupric  chloride  is  reduced  by  heat  to 
cuprous  chloride,  it  is  an  open  question,  whether  this  is  due 
to  a  simple  action  of  heat  or  at  the  same  time  to  affinity ; 
inasmuch  as  the  reaction  : 

CI— Cu— CI  +  CI— Cu— Cl  =  CI— Cu-Cu— Cl  +  Cl— CI 

may  take  place,  if  the  affinity  of  Cl  to  Cl  in  conjunction  with 
that  of  Cu  to  Cii  is  sufficiently  powerful  to  overcome  the 
attraction,  which  the  two  atoms  of  copper  exert  upon  the  two 
displaced  chlorine  atoms.  The  reaction  would,  therefore,  ap- 
pear to  be  due  to  affinity  only.  On  the  other  hand,  quite  the 
opposite  view  of  the  case  may  be  taken,  viz.  that  one  chlorine 
atom  only  is  removed  by  the  action  of  heat  alone  and  that 
afterwards  the  isolated  atoms  and  also  the  unsaturated 
affinities  of  the  copper  atoms  combine  forming  free  chlorine 
and  cuprous  chloride  respectively.  It  is  difficult  to  decide 
which  of  these  views  is  the  correct  one ;  in  many  cases  pro- 
bably the  former  set  of  views  is  a  truer  representation  of  the 
facts  of  the  case,  whilst,  again,  in  other  instances  the  latter 
will  be  more  justly  representative. 

§  202.  The  simplest  cases  of  the  action  of  heat  are  without 
doubt  those  in  which  the  action  ceases  with  the  withdrawal 
of  the  cause  and  in  such  a  manner  that  the  substances  return 
to  their  original  condition.  To  phenomena  of  this  character, 
whether  produced  by  heat  or  other  cause,  the  term  dis- 
sociation has,  as  mentioned  in  §  33,  been  apphed  by  H. 
Sainte-Claire  Deville.^  The  importance  of  the  investigation 
of  these  phenomena,  as  affecting  the  progress  of  chemical 
mechanics,  has  increased  from  year  to  year.  Experience  has 
shown  that  solid  as  well  as  gaseous  compounds  are  capable  of 

'  The  phenomena  of  dissociation  have,  since  the  year  1857,  been  specially 
investigated  by  H.  Sainte-Claire  DeviUe,  and  later  on  by  ma,ny  other  chemists, 
so  that  a  considerable  amount  of  literature  concerned  with  these  phenomena 
has  accumulated.  Special  attention  is  drawn  to  the  '  Legons  sur  la  dissocia. 
Hon,  professies  clevant  la  socidtd  chimique  en  1864.'  Paris,  1886,  by  Deville  ; 
also  to  the  chapters  on  this  subject  in  Naumann's  Thermocheinie.  Braun- 
Bchjv'eig,  1882. 
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being  dissociated,  although,  as  a  rule,  only  when  one  of  the 
substances  produced  by  the  dissociation  is  a  fluid,  either 
gaseous  or  Hquid.  And  as  it  is  probable  that  at  sufficiently 
high  temperatures  all  elements  are  either  fusible  or  volatile, 
then  it  must  necessarily  follow  that  each  and  all  of  their  com- 
pounds can  be  dissociated;  as  a  matter  of  fact,  a  Hmited 
number  only  can  be  dissociated,  and  for  the  reason  that  many 
compounds  are  not  formed  again  after  being  once  decomposed. 
These  compounds  which  may  be  dissociated  stand,  therefore, 
in  direct  contrast  to  those  described  in  the  foregoing  para- 
graphs, which  represent  the  state  of  unstable  equilibrium  of 
the  atoms.  This  contrast  is  by  no  means  an  unconditional 
one,  since  under  certain  conditions  dissociated  compounds 
may  be  prevented  from  recombining.  The  phenomena  of 
dissociation  have  been  investigated  not  only  qualitatively  but 
also  quantitatively.  QuaUtatively  it  has  been  shown,  contrary 
to  expectation,  that  a  considerable  number  of  those  compounds 
formed  dh-ectly  from  their  elements,  and  amongst  them  many 
stable  ones,  are  capable  of  dissociation.  The  special  artifices 
which  have  frequently  been  required  to  exhibit  the  dissocia- 
tion in  these  cases,  have  been  devised  and  dexterously  applied 
by  Deville.  Since  the  dissociated  substances  reunite  at  lower 
temperatures,  their  existence  must  therefore  be  either  de- 
monstrated during  dissociation,  generally  at  very  high  tem- 
peratures, or  their  reunion  must  in  some  way  be  prevented. 
This  latter  method  of  demonstration  may  be  applied  either  by 
rapid  cooling  below  the  lowest  possible  temperature  at  which 
combination  takes  place,  or  by  separating  one  of  the  consti- 
tuents of  the  mixture  either  by  diffusion  into  an  indifferent 
medium  or  by  some  other  similar  method.  It  has  been  shown 
that  almost  all  simple  inorganic  compounds,  containing  volatile 
elements,  may  be  dissociated,  such,  for  instance,  as  H2O, 
CO2,  SO2,  HCl,  NH3,  and  many  others,  like  the  ammonium 
salts,  many  carbonates,  and  the  Hke. 

§  203.  Dissociation  has  been  investigated  quantitatively  as 
yet  only  in  the  case  of  a  small  number  of  compounds,  since  the 
experimental  investigation,  more  especially  of  these  cases  in 
which  dissociation  takes  place  at  very  high  temperatures,  is 
sm-rounded  by  difficulties  of  no  mean  character.  Hitherto, 
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those  cases  only  have  been  investigated  in  which  gaseous 
products  are  formed  at  moderately  high  temperatures.  When 
the  original  compound  was  not  gaseous,  the  quantity  of  gas 
produced  was  determined  either  by  direct  measurement  or  by 
measurement  of  the  pressure  exerted  by  it ;  in  those  cases  in 
which  a  gaseous  compound  produced  on  dissociation  gaseous 
substances,  then  the  quantity  produced  has  been  determined 
by  aid  of  Avogadro's  law.  The  application  of  this  law  depends 
upon  the  fact  that  in  the  decomposition  of  a  gas  the  number 
of  its  molecules  changes,  and  in  proportion  also  its  volume  or 
its  pressure,  and  inversely  its  density,  so  that  from  these 
changes  the  relative  number  of  dissociated  molecules  may  be 
calculated. 

For  instance  the  molecule  of  a  gas  havmg  a  density  D 
dissociates  into  two  parts,  thus — 

01  =  m  +  m. 

Consequently,  under  the  same  pressure,  the  volume  is  doubled, 
and  the  mean  density  reduced  to  a  half.  If,  however,  only  a 
fraction  {x)  in  a  given  volume  has  undergone  dissociation,  the 
N  molecules  will  now  have  become — 

NJW  =  N  (1  -  a;)  JWl  +  N  a;  771  +  N  a; 

and  therefore  N  (1  -i-  a;)  molecules  in  all.  Consequently,  the 
increase  of  volume  will  be  in  proportion  of— 

1  :  (1  +  x). 

So  that  the  relative  increase  of  the  volume  gives  directly  the 
fraction  of  the  molecules,  which  have  been  dissociated.  Sup- 
posing the  molecules  to  have  been  resolved  not  into  two  parts, 
but  into  n  parts,  then,  in  a  similar  manner,  the  increase  of 
volume  will  be  seen  to  take  place  in  the  proportion  of — 

1  :  (1  +  {ii-v,x), 

from  which  x  can  be  easily  calculated. 

Since  the  density  is  uiversely  proportional  to  the  volume, 
then — 

D  :  D'  ::  (1  +  {n  -  1)  x)  :  1, 
~  {n  -  1)  D' ' 
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or  when  n  =2  D  _  D' 


X  =- 


In  order  to  determine  what  proportion  of  a  gas  has  under- 
gone dissociation,  we  have  simply  to  divide  the  difference 
between  the  original  density  and  the  density  of  the  gas  after 
dissociation,  by  this  latter  quantity.  In  those  instances  where 
the  original  density  cannot  be  determined  directly,  it  may  be 
calculated,  making  use  of  Avogadro's  law,  from  the  hypothetical 
molecular  weight  by  aid  of  the  formula — ^ 

28-87  * 

The  correctness'  of  the  whole  calculation  rests  entirely, 
therefore,  upon  the  validity  of  Avogadro's  hypothesis. 

§  204.  The  cases  of  dissociation  ^  investigated  by  this 
method  show  that  the  density  of  gases  or  vapours  capable  of 
dissociation  remams  constant  within  certain  limits  of  tem- 
perature, then  decreases  with  rise  in  temperature  at  first 
slowly,  then  more  quickly,  and  goes  on  slowly  decreasing  until, 
above  a  certain  temperature,  it  agam  becomes  constant.  If 
the  densities  of  such  a  vapour  be  represented  as  the  ordinates 
of  a  curve,  and  the  temperatures  represented  by  the  abscissae, 
then  a  Hne  is  obtained  which  is  straight  at  first,  as  seen  in 
diagi-am  at  a,  and  runnmg  parallel  to  the  abscissae,  then 
assuming  the  form  of  a  curve, 
approaching  the  abscissae,  as  at 
h,  it  then  reaches  a  turning- 
point  c,  and  becomes  gradu- 
ally convex  as  at  d,  to  pass 
finally  into  a  straight  line  e 
running  parallel  to  the  ab- 
scissae. Such  a  curve  is 
given  by  the  density  of  the 
vapour  of  amylene  hydro- 
bromide,  when  represented  as  a  function  of  the  temperature. 
Its  density  has  a  constant  value  of  5-2  until  180°  C,  and  up 
to  this  point  the  curve  runs  parallel  to  the  axis,  then  the 
density  decreasing  more  and  more  until  (as  far  as  it  is  possible 
'         §  IC.  2  Vide  §§  30-33,  also  §  18. 
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to  judge  from  our  imperfect  observations)  a  turning-point  is 
reached  at  240°  C,  and  when  the  temperature  360°  is  reached 
it  assumes  the  vakie  of  2-6,  the  curve  again  becoming  parallel 
to  the  axis.  The  density,  5-2,  corresponds  to  the  molecular 
weight,  C^HuBr;  that  of  2-6  represents  the  complete  disso- 
ciation into  C5H10  and  HBr.  Many  other  substances  behave  in 
a  similar  manner ;  but  still  for  many  of  these  only  a  part  of 
the  curve  representing  these  changes  has  been  experimentally 
determined. 

From  the  course  of  the  curve  described  above,  it  follows 
that  dissociation  commences  gradually  at  first,  and  increases 
slowly  with  rise  in  temperature,  then  more  quickly  until  a 
certain  pomt  is  reached,  from  which  time  it  again  progresses 
slowly  until  it  gradually  becomes  complete.  The  increase  of 
dissociation  produced  by  a  given  rise  in  temperature  {e.g.  for 
1°  C.)  becomes,  therefore,  greater  and  greater  as  the  tempera- 
ture rises,  until  a  maximum  is  reached,  and  then  this  increase 

becomes  gradually 
smaller,  at  first  slow- 
ly, then  rapidly,  and 
these  changes  take 
place  in  such  a  man- 
ner that  the  curve 
representmg  this  in- 
crease as  a  function 
of  the  temperature  is 
symmetrical  on  both 
Temperatures  ^  sides   of  the  maxi- 

mum, as  shown  in  the  accompanying  diagram.  The  following 
numbers,  representing  the  dissociation  of  nitric  peroxide,  may 
serve  to  elucidate  the  question ;  ^  the  molecular  weight  of  this 
substance  a,t  low  temperatures  is  represented  by  the  formula 
N2O4,  and  at  higher  temperatures  by  the  formula  NOj.  The 
calculated  density  for  the  first  is  3-18,  for  the  latter  1-69. 
These  changes  are  rendered  apparent  by  the  fact  that  the 
non-dissociated  vapour  is  colourless,  and  assumes  a  dark  red 
colour  when  completely  dissociated,  thus  the  rate  of  dissocia- 
tion may  be  easily  estimated.    The  numbers  contained  in  the 

'  Taken  from  A.  Naumann's  Thennochemie,  1882,  §  117. 
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following  tables  require  no  further  explanation  than  that  con- 
tained in  the  titles  to  each  column.  The  numbers  contained 
in  the  fourth  column  represent  the  mean  increase  in  the  disso- 
ciation for  each  degree  centigrade,  and  are  obtained  by  dividing 
the  differences  of  the  numbers  in  the  third  column  by  corre- 
sponding differences  of  the  numbers  in  the  first  column. 


Temp.  ^  L. 

Decomposition  in 
per  cent.  100  x 

Mean  increase  for 
1°  C. 

per  cent. 

per  cent. 

26-7 

2-65 

19-96 

35-4 

2-53 

25-65 

0-65 

39-8 

2-46 

29-23 

0-81 

40-6 

2-27 

40-04 

1-10 

60-2 

2-08 

52-84 

1-21 

70-0 

1-92 

65-57 

1-30 

80-6 

1-80 

76-61 

1-04 

90-0 

1-72 

84-83 

0-88 

100-1 

1-68 

89-23 

0-44 

111-3 

1-65 

92-67 

0-31 

121-5 

1-62 

96-23 

0-35 

1350 

1-60 

98-69 

0-18 

154-0 

1-58 

100- 

183-2 

1-67 

100- 

That  dissociation  proceeds  at  first  slowly,  then  rapidly, 
and  again  slowly,  is  sufficiently  evident  from  these  numbers. 
Its  commencement  cannot  be  observed,  because  the  vapour 
condenses  to  a  liquid,  the  end  is  easily  noted  and  when  near 
140°  the  complete  decomposition  has  taken  place. 

§  205.  The  theoretical  mvestigation  of  the  phenomena  of 
dissociation,  based  upon  the  kinetic  views  expressed  in  §  201, 
shows  that  the  motion  transmitted  to  the  molecules  in  the 
form  of  heat  can  only  affect  the  holding  together  of  the  atoms 
in  proportion  as  it  is  transmitted  to  these  entirely  or  in  part. 
Its  action  upon  the  atoms  may  be  of  two  kinds,  depending 
upon  whether  the  velocity  and  consequently  the  kinetic  energy 
of  the  atoms  is  increased,  or  whether  the  position  of  equih- 
brium,  about  which  they  move,  be  moved  in  a  direction  beyond 
the  sphere  of  the  action  of  affinity,  and  thus  disgregation  is 
increased,  or  in  other  words  work  is  done.  In  all  probability 
both  forms  of  action  take  place  simultaneously.  The  stronger 
the  affinity  holding  the  atoms  together,  so  much  the  greater 
disgregation  must  obtain  and  the  momentum  of  the  atoms  be 
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increased  before  the  molecules  are  resolved  into  their  isolated 
atoms.  The  energy,  therefore,  which  must  be  transferred  to 
the  molecule  to  produce  dissociation,  is  a  measure  of  the 
strength  of  the  affinities,  just  as  the  momentum,  which  must 
be  given  to  a  heavy  body,  in  order  that  it  may  be  continually 
withdrawn  from  the  earth's  attraction,  is  a  measure  of  the 
force  of  gravity.  In  fact,  it  has  been  observed  that  those 
compounds  which  we,  for  other  reasons,  suppose  to  be  held 
together  by  the  strongest  affinities,  are  those  requiring  the 
highest  temperatures  for  their  dissociation. 

Consequently  the  temperature  of  dissociation  and  the  heat 
communicated  to  compounds  in  order  to  attain  this  tempera- 
ture, are  quantities  of  great  theoretical  import,  making  theu 
exact  determination  very  desirable.  But  inasmuch  as  dis- 
sociation takes  place  within  very  wide  ranges  of  temperature, 
the  question  then  arises,  at  what  temperature  does  the  atomic 
energy  exactly  suffice  to  overcome  the  force  of  affinity  ?  Since, 
doubtless,  all  particles  of  the  undecomposed  compound  are 
completely  alike,  the  temperature  at  which  they  decompose 
must  be  the  same  for  all,  so,  from  a  superficial  consideration 
one  might  be  led  to  conclude  that  the  decomposition  and 
change  of  density  produced  thereby  must  take  place  suddenly, 
so  soon  as  the  fixed  temperatm-e  at  which  all  these  particles 
decompose  is  attained.  Such  a  conclusion  would  be  erroneous 
in  the  light  of  the  now  accepted  theory  of  the  constitution  of 
gases,  the  theory  of  molecular  impacts,  according  to  which 
the  temperature  of  all  the  particles  of  a  gas  or  vapour  is  not 
necessarily  the  same  at  any  given  time,  but  rather  that  the 
temperatm-e  of  the  gas  or  vapour  is  only  the  mean  value  of  the 
temperatures  of  the  particles  composing  it.  The  temperatures 
of  the  different  particles  may  differ  considerably  from  this 
mean  value ;  still,  according  to  theory,  small  differences  must 
frequently  occm-,  but  great  differences  seldom,  so  that  the 
further  removed  a  given  temperature  is  from  the  mean,  the 
smaller  will  be  the  number  of  particles  havmg  this  temperature. 
It  follows,  therefore,  that  in  the  vapour  of  a  compound,  which 
decomposes  at  a  given  temperature,  a  certain  number  of 
particles  will  have  attamed  this  temperature  before  the  mean 
temperature  as  indicated  by  the  thermometer  is  equal  to  that 
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at  which  the  decomposition  takes  place.  The  number  of 
decomj)osed  particles  will  increase  the  more  rapidly  the  nearer 
the  mean  temperature  approaches  to  that  at  which  decom- 
position takes  place.  When  this  pomt  is  reached  there  will 
always  remam  a  considerable  portion  of  the  molecule  having  a 
lower  temperature,  which  will  consequently  not  be  decomposed. 
This  undecomposed  portion  will,  however,  diminish  as  the 
temperature  rises,  at  first  rapidly,  then  more  slowly  until  it 
finally  disappears.  The  particles  having  the  lowest  temperature 
have  now  attained  the  temperature  of  decomposition,  just,  in 
fact,  as  represented  m  the  curve  in  §  208. 

From  these  considerations  it  will  be  seen  that  the  tem- 
perature of  decomposition  is  identical  with  that  mean  tem- 
peratm-e  of  the  gas  at  which  the  increase  in  dissociation  has 
attained  the  maximum,  and  this  is  the  point  at  which  the 
curve  of  density  passes  through  a  turning  point.  Since  equally 
gi-eat  differences  either  above  or  below  the  mean  temperature 
are  equally  frequent,  therefore  as  many  particles  are  hotter 
and  colder  than  this,  it  follows  that  when  the  mean  tempera- 
ture is  identical  with  the  temperature  of  decomposition,  then 
exactly  half  the  particles  have  been  dissociated.  In  fact, 
observations  show  that  the  turning  point  of  the  density  curve 
correspondmg  to  the  greatest  increase  of  dissociation  corre- 
sponds very  nearly  to  a  decomposition  of  50  per  cent,  of  the 
compound.  In  the  case  of  nitric  peroxide,  already  men- 
tioned, these  points  are  attained  at  a  temperature  of  about 
60°  C. 

§  206.  In  applymg  Avogadro's  law  to  the  study  of  the 
phenomena  of  dissociation  of  gaseous  bodies,  a  knowledge  of 
the  molecular  weights,  both  of  the  original  substance  and 
those  of  the  products  of  decomposition,  is  assumed.  This 
determination  can  only  be  successfully  made  in  those  cases  in 
which  the  density  curve  represented  in  the  first  figure  in  §  204 
has  been  completely  followed  along  its  entu:e  course.  Such  a 
complete  examination  is,  however,  often  associated  with  in- 
superable difficulties;  it  may  happen  that  the  substance 
condenses  at  a  lower  temperature  to  a  liquid,  or  that  it 
undergoes  further  decomposition  at  temperatures  above  those 
at  which  dissociation  into  smaller  molecules  takes  place.  If, 
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however,  the  greater  portion  of  the  curve  is  known,  and  thus 
far  resembles  the  form  described,  then  there  can  be  no  doubt 
that  the  phenomenon  is  one  of  dissociation.  In  other  cases  it 
must  remain  doubtful. 

By  comparing  the  course  of  the  curve  represented  in  §  204 
with  that  which  represents  the  density  of  acetic  acid  vapour 
compared  to  air  as  a  function  of  the  temperature  (compare 
§  28),  a  by  no  means  unimportant  difference  will  be  observed. 
The  curves  representing  the  density  of  those  vapours  to  which 
the  law  of  Avogadro  is  applicable,  above  certain  limits  of 
temperature  and  pressure  {vide  §  29),  correspond  only  to  the 
second  half  of  the  first  curve ;  they  exhibit  a  convex  side  to 

the  abscissae  axis  which 
represents  the  tempera- 
ture, and  run  finally  in  a 
straight  Ime  parallel  to 
this  axis.  Some  observa- 
tions appear  to  show  that 
these  curves  have  a  turn- 
ing point ;  '  still  one  por- 
tion of  the  curve  is  entirely  wanting,  viz.  the  upper  hori- 
zontal part.  This  may  be  explained  in  the  manner  proposed 
by  Horstmann,'^  by  supposing  this  form  of  curve  to  charac- 
terise those  substances  which  do  not  undergo  true  dissociation, 
but  exhibit  an  increased  density  in  consequence  of  a  gradual 
and  irregular  passage  from  the  liquid  to  the  gaseous  state,  and 
within  certain  limits  of  temperature  contain  an  abnormal 
number  of  particles  in  a  given  volume.  On  the  other  hand 
the  supposition  made  by  Naumann  is  also  permissible.  He 
assumes  that  dissociation  really  has  taken  place,  but  the  first 
part  has  escaped  observation  by  reason  of  the  condensation  of 
the  substance  to  a  hquid.  If  the  vapour  of  acetic  acid  near 
to  its  boiling  point  (119°  C.)  consists  of  a  mixture  of  molecules 
C.HgO^  (D  =  4-16)  and  C^H.O^  (D  =  2-08),  then  the  vapour 
produced  from  the  boiling  liquid  must  already  have  dissociated 

'  For  further  information  on  this  question  v.  P.  Schoop,  Tubinger  Inaug. 
Diss.  1880,  Wied.  Ann.  1881,  xii.  571. 

-  Ann.  Clmn.  Pliarm.  1868,  suppl.  vi.  61, 
3  Ihid.  1870,  civ.  325. 
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to  the  extent  of  one-third  of  the  whole,  for,  according  to  the 
observations  of  Cahours  '  at  125°  C. — 

D'  =  3-20,  X  =0-30 

and  at  150°  C— 

D'  =  2-75,  X  =^^^pi  =  0-51. 

Therefore  the  turning  point  in  the  curve  must  be  about  150°  C. 
This  supposition  is  to  some  extent  borne  out  by  observations 
which  are,  however,  insufficiently  exact  to.  permit  of  dogmatic 
assertion. 

§  207.  In  the  case  of  a  moderately  large  number  of  com- 
pounds, it  is  tolerably  certain  that  their  dissociation  depends 
upon  the  loosening  of  certain  bonds  of  union  which  on  cooling 
again  become  active.  For  instance,  we  may  represent  the 
dissociation  of  nitric  peroxide  as  taking  place  in  all  probability, 
according  to  either  of  the  following  schemes  : — 

0  =N— N=0„  =  0  =N— *  -f  02=N— * 

or 

0=N— 0—0— N=0  =  0=N-0— *  +  *_0— N=0. 

Since  the  nitrogen  atom,  whether  it  be  tri-  or  pentavalent, 
has,  at  all  events,  an  uneven  valency,  and  both  the  oxygen 
atoms  an  even  valenc}^,  then  at  least  one  valency  in  the  mole- 
cule NO2  produced  by  dissociation  must  remain  unsaturated, 
and  it  is  this  which,  m  all  probability,  is  active  in  effectmg 
the  reunion.  It  is,  however,  open  to  doubt  whether  this  is  a 
representative  case  or  whether  it  does  not  more  frequently 
happen  that  the  atoms  of  the  dissociated  particles  enter  into 
combination  in  other  ways.  In  the  case  of  compounds  which 
dissociate  mto  their  elements,  the  important  question  arises 
whether  such  are  resolved  mto  the  isolated  atoms,  or  whether 
the  elementary  atoms  combine  to  form  molecules.  Mitscher- 
lich^  has  shown,  and  his  observation  is  confirmed  by  Victor 
and  Carl  Meyer ,3  that  the  density  of  the  vapour  of  cinnabar 
at  669°  is  two-thu'ds  that  required  by  the  formula  HgS.  Its 

'  See  the  numbers  given  by  Naumann,  Thermochemie,  1882,  155. 

2  Pogg.  Ann.  1883,  xxix.  225. 

'  Ber.  d.  deut.  chem.  Ges.  1879,  xii,  1118. 
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decomposition  is,  consequently,  represented  by  the  following 
equation : — 

2HgS  =  Hg  +  Hg  +  S,. 

This  decomposition  yields  molecules,  and  not  isolated  atoms 
of  sulphur. 

This  question  might  be  decided  experimentally  in  many 
cases,  without  great  difficulty,  w^ere  it  not  for  the  fact  that 
dissociation  takes  place  usually  at  temperatures  so  high  that 
exact  vapour  density  determinations  are  impossible.  Whether, 
for  instance,  the  dissociation  of  hydrogen  chloride,  pointed  out 
by  Deville,  takes  place  in  accordance  with  the  first  or  second  of 
the  following  equations,  might  without  further  data  be  deter- 
mined from  a  knowledge  of  the  density  of  the  products  of 
dissociation. 

HCl  -  H  +  CI 

or 

HCl  +  HCl  =  HH  +  ClCl. 

For  supposing  the  first  of  these  equations  to  represent  what 
takes  place,  then  the  density  would  only  be  half  that  of  hydro- 
gen chloride,  whereas  if  the  second  equation  be  a  correct 
interpretation  of  the  facts,  then  the  density  will  be  the  same 
as  that  of  hydrogen  chloride.  All  that  is  required,  therefore, 
is  to  determine  the  density  of  the  dissociated  gases  in  com- 
parison with  that  of  undecomposed  hydrogen  chloride  calcu- 
lated for  the  same  temperature ;  should  a  diminution  in  the 
density  be  observed  then  we  have  proof  sufficient  to  show  that 
at  least  a  portion  of  the  gas  has  been  resolved  into  isolated 
atoms,  the  relative  amount  so  decomposed  may  be  calculated 
by  the  method  already  described. 

The  solution  of  the  problem  is  simple  only  in  the  case  of 
those  compounds  which  are  formed  from  their  elements  without 
change  in  volume,  in  other  cases  the  solution  is  more  compli- 
cated. For  instance,  to  decide  whether  water  is  resolved  into 
the  atoms  or  molecules  of  its  elements,t  thus  : — 

H20  =  H  +  H-fO       or       2^,0  =      +      +  0., 

the  dissociation  must  be  carried  so  far  that  the  density  of  the 
mixture  is  smaller  than  that  of  the  mean  of  a  mixture  of  two 
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volumes  11.,,  and  one  volume,  Oj,  for  compared  with  aii-  at  the 
same  temperatm-e,  tlie  density  of  aqueous  vapour  is  0*62207, 
and  that  of  its  constituents  resolved  into  their  atoms  would  he 
0-20736,  whilst  on  the  other  hand  it  would  be  0-41412  if  these 
atoms  had  united  to  form  elementary  molecules.  Supposing 
the  density  was  found  to  be  between  0*62  and  0-41,  it  might 
with  equal  justice  be  supposed  to  belong  to  a  mixture — 

(1  -  x)ll.fi  +  o-H,  +  ^xO., 

as  to  a  mixture  consistmg  of — 

(1  -  ia^H^O  +  ixR+  ixO 

for  in  both  cases  one  volume  would  expand  (1  +  ^x)  volumes. 
So  soon  as  the  density  sank  below  0-414  then  the  only  ex- 
planation which  can  be  applied  is  that  the  elements  have 
been  resolved  into  atoms. 

§  208.  Although  suitable  determinations  of  the  vapour 
densities  of  dissociated  compounds  are  wanting,  still  in  many 
cases  the  properties  of  the  elements  themselves  afford  data  for 
the  solution  of  this  question.  From  what  has  been  stated  in 
§  18  it  will  be  seen  that  the  molecules  of  the  elements  them- 
selves are  capable  of  dissociation ;  mercury,  cadmium,  and 
probably  zinc,  are  resolved  into  atoms  at  once  by  conversion 
.  mto  vapour. 

Sulphur  is  resolved  at  first  into  hexatomic  molecules,  and 
above  600°  C.  these  become  diatomic.  Victor  Meyer,'  in  con- 
junction with  C.  Meyer  and  H.  Ziiblin,  has  shown  that  at 
temperatures  above  600°  C.  the  molecular  weights  of  chlorine, 
bromme,  and  iodine  are  less  than  required  by  the  molecular 
formulte  C\^,  Bi\,  and  I^.  An  observation  confirmed  by  I.  M. 
Crafts  and  F.  Meier, ^  and  although  the  results  of  these  in- 
vestigators show  a  smaller  decrease  in  the  density  with  rise  in 
temperatm-e,  still  both  sets  of  observations  show  that  even  at 
the  highest  temperatures  at  which  observations  could  be  made 
the  resolution  mto  monatomic  molecules  at  the  pressure  of 

'  Ber.  d.  deut.  eheni.  Ges.  1879,  xii.  1426 ;  1880,  xiii.  394,  409,  1010  1103 
1721,  2019  ;  1881,  xiv.  1453. 

Compt.  Reiid.  1880,  xc.  183,  309,  GOG,  G90  ;  1881,  xcii.  39.    Ber.  d  deut 
chem.  Ges.  1880,  xiii.  851. 
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one  atmosphere  was  never  complete.  T-he  mean  of  the  results 
of  Crafts  and  Meier  ^  gives  the  following  data  for  iodine. 


Temperature 

o  n 
u. 

Difference 
0 

Density 
D ' 

Difference 

Per  cent, 
decomposecl 
100  X. 

Mean  increase 
for  100°  C. 

445 

8-76 

0 

0'9  per  cent. 

682 

237 

8-58 

0-18 

2-1 

4-4  „ 

767 

85 

8-28 

0-30 

5-8 

5-0  „ 

831 

64 

8-04 

0-24 

9-0 

7-6  „ 

1043 

212 

7-01 

1-03 

25-0 

11-0  „ 

1275 

232 

5-82 

1-19 

50-5 

13-6 

1390 

115 

5-27 

0-55 

66-2 

8-6  „ 

1470 

80 

5-06 

0-21 

72-9 

The  dissociation  is  seen  from  these  numbers  to  take  place 
slowly ;  according  to  what  has  been  said  in  §  205  the  tempe- 
rature of  dissociation  is  1270°,  at  which  pomt  the  graphic 
representation  of  the  observation  shows  a  turning  point  in  the 
density  curve.  Since  the  growth  of  the  dissociation  is  sym- 
metrical -  on  either  side  of  the  temperature  of  decomposition, 
the  end  will  therefore  be  reached  at  a  point  as  much  above 
this  temperature  as  the  commencement  is  below,  which  con- 
sequently must  be  between  1800  and  1900°  C.  By  a  reduction 
of  pressure  the  end  of  the  dissociation  may  be  reached  more 
quickly.  If  the  pressure  of  the  vapour  were  reduced  by  the 
introduction  of  some  indifferent  gas,  then  the  dissociation 
into  monatomic  molecules  could  be  completed  at  a  lower 
temperature.^  From  the  fact  that  this  resolution  of  the 
elements  into  free  atoms  has  not  been  observed  in  the  case  of 
other  elements,  we  cannot  conclude  that  such  a  resolution  is 
impossible.  The  high  temperatures  at  which  Deville  has 
observed  the  dissociation  of,  in  other  respects,  the  most  stable 
compounds,  exclude  the  possibihty  of  determining  thek  vapour 
densities.  From  the  analogy  of  other  elements  mentioned 
above  we  may  regard  it  as  very  probable  that  at  similarly 

'  Bsr.  d.  deut.  chem.  Oes.  1880,  xiii.  269^  and  873  ;  A.Naumann,  Thermo- 
chemie,  1882,  119,  etc. 

2  That  the  mean  increase  in  this  table  for  every  100°  C  appears  greater 
above  1270°  than  below  it,  is  only  an  apparent  contradiction,  which  may  arise 
from  the  fact  that  the  mean  value,  11-0  per  cent.,  represents  an  interval  of  tem- 
perature twice  as  great  as  that  represented  by  the  value  13-6  per  cent. 

3  Covipt.  Rend.  1881,  xcii.  39. 
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high  temperatures  oxygen,  nitrogen,  hydrogen,  &c.,  may  at 
least  partially  be  dissociated  into  atoms. 

§  209.  On  the  other  hand  we  are  justified  in  concluding 
that  when  a  compound  dissociates  into  its  elements  at  a 
temperature  below  which  the  molecules  of  the  elements  would 
be  further  resolved,  then  the  product  of  dissociation  must 
only  contain  elements  in  the  condition  of  molecules  and  not 
of  atoms.  When,  for  instance,  hydriodic  acid,  as  observed  by 
G.  Lemoine,^  is  partially  decomposed  at  440°  C.  into  hydrogen 
and  iodine,  then  since  the  iodine  molecule  is  not  dissociated 
below  600°,  and  only  at  very  high  temperatures,  we  may 
conclude  with  certainty  that  hydriodic  acid  is  decomposed 
according'  to  the  equation 

HI  +  HI  =  HH  +  II, 

and  not  as  follows  : 

HI  =  H  +  I. 

Accordmgly,  this  cannot  be  considered  as  an  instance  of 
simple  dissociation,  but  is  either  a  case  of  dissociation,  followed 
by  recombination,  thus  : — 

HI  +  HI  =  H  +  I  +  H  +  I  =  HH  -f  II  ; 
or  simply  an  instance  of  chemical  change. 


H 
I 


H  _  HH 
I  -  11 


which  has  but  httle  in  common  with  dissociation  pure  and 
simple.  A  more  thorough  consideration  will,  in  fact,  show 
that  many  of  the  instances  usually  regarded  as  cases  of  dis- 
sociation may  be  in  part  or  entirely  explained  as  instances  of 
double  decomposition.  For  example,  in  the  cases  studied  by 
Wiirtz  of  the  decomposition  of  amyl  iodide  into  amylene  and 
hydriodic  acid  {vide  §  83),  and  that  of  the  corresponding 
tertiary  alcohol  into  amylene  and  water,  which  can  be  repre- 
sented as  follows : — 

C,H„I  =  CH.^  +  HI 
C,H„OH  =  C,H.o  +  HOH. 

It  may  be  that  the  atoms  H  and  I,  or  H  and  OH,  are  first 

'  Ann.  Chim.  Phijs.  [5]  1877,  xii.  145. 
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liberated  from  their  respective  carbon  atoms  and  then  unite 
with  one  another,  whilst  the  two  carbon  atoms  combine  with 
one  another  by  double  linking.  Here  also  an  exchange  takes 
place  ;  the  question,  however,  may  always  arise,  whether  dis- 
sociation takes  place  first,  to  be  followed  by  a  re-combination, 
or  whether  the  exchange  takes  place  at  once  as  a  result  of  the 
attraction  of  the  atoms.  It  may  perhaps  never  be  possible  to 
separate  completely  the  phenomena  of  dissociation  pure  and 
simple  from  cases  of  double  decomposition,  or  to  determine 
under  what  conditions  one  or  the  other  of  these  takes  place. 
This  will  probably  remain  impossible,  because  as  a  rule  both 
occur  simultaneously.  We  do  not  know  whether  the  action  of 
heat  is  to  effect  a  complete  dissociation  followed  by  combination, 
or  whether  heat  simply  loosens  the  cohesion  of  the  molecules  in 
such  a  way  as  to  afford  the  affinities  the  conditions  necessary  to 
effect  the  exchange.  If,  however,  dissociation  is  to  be  limited 
to  cases  of  decomposition  pure  and  simple,  then  the  majority 
of  those  phenomena  now  considered  as  cases  of  dissociation 
can  no  longer  be  regarded  as  such. 

§  210.  The  phenomena,  long  regarded  as  inexplicable,  that 
many  substances  decomposed  by  moderate  heat  are  reproduced 
when  the  products  of  dissociation  are  strongly  heated  and 
then  suddenly  cooled,  may  probably  be  explained  as  cases  of 
simple  dissociation,  followed  by  a  chemical  exchange  taking 
place  after  cooling.  Ammonium  cyanide,  for  instance,  accord- 
ing to  Deville  and  Troost,^  gives  a  vapour  which  has  a  density 
of  0*79  at  100°  C,  whilst  a  mixture  of  hydrocyanic  acid  and 
ammonia  would  have  a  density  of  0*76.  Both  substances 
unite  on  cooling  to  form  ammonium  cyanide.  At  a  dull  red 
heat,  however,  hydrocyanic  acid  begins  to  decompose  mto 
cyanogen  and  hydrogen,  thus: — 

HON  +  HCN  =  CN  +  CN  +  HH, 

and  above  1000°  C.  ammonia  is  also  partially  resolved  into 
nitrogen  and  hydrogen.  Ammonium  cyanide  is  nevertheless 
formed  at  a  white  heat  from  carbon  and  ammonia,  or  rather, 
the  latter  is  dissociated  at  this  heat  from  carbon,  hydrogen, 
and  nitrogen.    This  can  only  be  explained  by  supposing  that 

'  Compt.  Rend.  1863,  Ivi.  253  ;  Ann.  Chim.  Pliys.  1863,  cxxvii.  282. 
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the  products  of  decomposition  at  a  moderately  high  tem- 
perature, ^Yhich  on  coohng  do  not  recombine  to  form  ammo- 
nium cyanide,  are  at  a  red  heat  resolved  into  free  atoms, 
which  on  cooling  combine  to  form  together  with  other  sub- 
stances ammonium  cyanide.  Similar  phenomena  have  fre- 
quently been  observed. 

§  211.  Bearmg  in  mind  that  heat  accelerates  chemical 
action,  its  influence  on  the  phenomena  of  dissociation  can  be 
easily  explained. 

Increased  acceleration  of  the  motion  of  the  atoms  by  heat 
increases  the  distance  which  the  atoms  are  removed  from 
their  position  of  equilibrium,  and  consequently  exposes  them 
to  a  greater  extent  to  the  action  of  external  influences,  such 
as  the  attractive  force  of  the  atoms  of  other  molecules.  A 
further  corroboration  of  this  is  found  in  the  fact  that  many 
chemical  changes  do  not  take  place  below  certain  temperatures. 
Even  those  substances  w^hich  unite  to  form  very  stable  com- 
pounds, and  may  therefore  be  supposed  to  have  strong  affinity 
for  one  another,  often  require  to  be  strongly  heated  to  induce 
chemical  union.  Hydrogen  and  oxygen,  for  instance,  may  be 
allowed  to  stand  m  contact  with  one  another  for  any  length 
of  time  without  producing  the  smallest  quantity  of  water,  nor 
do  they  unite  until  they  have  been  heated  to  redness.  The 
atoms,  despite  the  innumerable  impacts  of  the  molecules, 
never  appear  to  come  into  such  a  position  that  the  affinity  of 
hydrogen  for  oxygen  is  able  to  effect  a  combination.  This 
may  either  arise  from  the  fact  that  the  molecules  never 
approach  one  another  so  nearly  as  to  allow  the  force  of 
affinity,  which  only  acts  at  short  distances,  to  come  into  play, 
or  it  may  be  that  at  low  temperatures  the  atoms  in  the 
molecules  are  so  close  together  that  the  affinity  of  hydrogen 
for  hydrogen,  and  of  oxygen  for  oxygen  is  so  strong  as  not  to 
be  overcome  by  that  of  the  hydrogen  for  the  oxygen.  The 
latter  explanation  depends  upon  the  assumption  that  at  small 
distances  the  affinity  of  like  atoms  for  one  another  is  the 
stronger,  whereas  at  greater  distances  that  between  unlike 
atoms  is  the  more  powerful.  From  this  point  of  view,  how- 
ever, it  is  not  evident  why  at  ordinary  temperatures  the 
particles  of  water  do  not  decompose  into  hydrogen  and  oxygen, 
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and  hence  the  first  supposition  would  appear  the  more 
probable.  But  this  hypothesis  has  not  up  to  the  present 
explained  what  it  is  that  interferes  with  the  approximation  of 
the  atoms  in  spite  of  these  constant  impacts.  Since  observa- 
tion teaches  us  that  at  least  the  majority  of  chemical  changes 
require  for  then-  commencement  the  attainment  of  a  definite 
temperature,  so  it  is  probable  that  for  each  a  certain  lower 
limit  of  temperature  exists,  below  which  the  change  does  not 
take  place.  And  since  at  the  lowest  temperature  to  which  we 
can  attain,  the  majority  of  chemical  reactions  studied  under 
these  conditions  have  been  found  to  cease  entu-ely  or  to  proceed 
very  slowly,  so  it  would  appear  to  be  very  probable  that  at 
the  absolute  zero,  viz.  —273°,  a  temperature  much  below  the 
lowest  yet  attained,  chemical  action  would  altogether  cease, 
from  the  absence  of  any  form  of  heat  motion  whatsoever. 
So  without  heat  there  would  be  no  exertion  of  the  so-called 
affinity,  and  for  the  reason  that  under  these  conditions  all 
substances  would  be  solid  and  none  liquid  or  gaseous. 

§  212.  The  lowest  temperature  at  which  chemical  action 
takes  place  between  combustible  bodies  is  styled  the  temperature 
of  ignition  ;  it  varies  considerably,  depending  as  it  does  upon 
the  nature  of  the  substances  and  their  physical  condition.  It 
often  happens  that  those  very  elements,  which  form  the  most 
stable  and  most  difficultly  decomposible  compounds,  to  which 
consequently  we  attribute  the  strongest  affinities,  are  those  re- 
quiring the  highest  temperature  to  bring  into  play  then-  active 
powers ;  examples  of  this  character  are  afforded  by  oxygen, 
carbon,  nitrogen,  and  many  metals.  On  the  other  hand,  it  is 
often  the  case  that  those  elements,  which  react  at  low  tempera- 
tures, form  easily  decomposible  compounds.  Chlorine  and 
sulphur  unite  even  at  90°  C,  but  then-  compounds  with  one 
another  are  very  mistable ;  whilst  those  of  oxygen  and  sulphur 
are  more  stable,  but  are  not  formed  at  temperatures  below 
250°  C.  Carbon  does  not  combine  directly  with  chlorme  under 
any  circumstances,  yet  the  majority  of  the  compomids  of  these 
two  elements  are  decomposed  with  difficulty.  These  and  in- 
numerable similar  difierences  depend  apparently  on  the 
elements  not  existing  as  free  atoms,  but  only  as  molecules, 
the  coherence  of  which  must  be  sufficiently  loosened  before  the 
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atoms  can  pass  over  into  other  compounds.  The  stronger  the 
affinities,  so  much  the  higher  will  he  the  temperature  required 
to  mitiate  their  action.  That  carbon  usually  reacts  only  at 
very  high  temperatures  is  easily  understood,  when  we  re- 
member that  it  is  this  very  element  which,  as  shown  by  the 
numerous  organic  compounds,  is  distinguished  by  the  special 
tendency,  which  its  atoms  exhibit,  to  unite  with  one  another. 
The  indifference  of  free  nitrogen  at  low  temperatures  is  also 
doubtless  to  be  explained  by  the  strong  affinity  of  its  atoms 
for  one  another,  resisting  as  it  does  the  resolution  of  the  mole- 
cule into  atoms. 

What  has  been  said  of  the  elements  apjDhes  equally  to  their 
compounds.  The  temperature  required  to  start  their  action 
depends  not  merely  on  the  nature  of  the  atoms,  which  unite 
to  form  the  compounds  resulting  from  the  change,  but  rather 
upon  the  nature  of  those  whose  union  must  be  dissolved  in 
order  that  the  action  may  take  place.  Every  chemical  change 
is  the  result  of  the  simultaneous  action  of  heat,  producing 
dissociation,  and  of  affinity,  i.e.  the  tendency  of  the  atoms  to 
unite  with  one  another. 

§  213.  Since  heat  iDrepares  the  way  for  affinity,  it,  as  a 
rule,  ceases  entii-ely  or  in  part  to  be  heat,  inasmuch  as  it  is 
changed  into  other  forms  of  kmetic  or  potential  energy,  no 
longer  perceptible  as  heat,  and  therefore  effects  changes  in  the 
condition  of  disgregation  of  the  substances.  On  the  other 
hand  affinity  may  be  converted  into  heat ;  it  may  be,  that  by 
the  union  of  the  atoms  motion  is  produced  and  therefore  the 
existing  potential  energy  is  converted  into  kinetic,  or  that 
certain  motions  of  the  atoms,  not  perceptible  as  heat,  are  con- 
verted mto  it,  and  therefore  one  form  of  kinetic  energy  passes 
mto  another.  Inasmuch  as  affinity,  be  its  nature  what  it 
may,  is  subject  to  the  law  of  the  equivalency  of  the  different 
forms  of  energy,  so  the  heat  produced  in  a  chemical  change 
affords  a  means  of  measuring  the  change  of  energy  accompany- 
ing the  action. 

Startmg  with  the  hypothesis  that  unsaturated  affinities 
represent  potential  energy,  then  the  heat  produced  by  a 
chemical  change  is  a  measure  of  the  forces  to  which  this 
potential  energy  belongs,  and  therefore  of  the  attraction  of  the 
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atoms.  The  use  of  this  means  of  estimatmg  these  forces  is, 
at  all  events,  associated  with  considerable  difficulties.  If  it 
were  demonstrated  that  affinity  is  a  species  of  attraction,  and 
we  could  follow  the  motions  of  the  atoms  under  its  influence, 
just  as  we  observe  the  movement  of  a  falling  body  or  the 
course  of  the  heavenly  bodies  in  obedience  to  the  force  of 
gravity ;  or  if  it  were  possible  to  determine  the  acceleration 
imparted  to  the  atoms,  for  all  distances,  then  the  law  of  affinity 
would  be  as  evident  to  us  as  the  laws  of  gravity,  and  of  the 
general  attraction  of  mass.  But,  as  is  well  known,  the  matter 
is  by  no  means  so  simple.  '  Ad  opera  nil  ahud  potest  homo 
quam  ut  corpora  natm-alia  admoveat  et  amoveat;  rehqua 
natura  intus  transigit.' '  No  special  difficulties  arise  from  the 
fact  that  we  cannot  investigate  the  atoms  themselves,  because 
our  knowledge  of  the  stochiometric  laws  enables  us  to  make 
use  of  masses  proportional  to  the  atoms,  the  action  of  which 
must  be  proportional  to  that  of  the  single  atoms.  The 
difficulty  lies  rather  in  the  fact,  that  we  possess  no  knowledge 
whatever  of  the  true  existence  of  the  combination  and  separa- 
tion of  the  atoms.  Lacking  this  knowledge  we  cannot  deter- 
mine in  what  way  distance  of  separation  affects  the  attraction 
of  the  atoms,  nor  how  the  velocity  and  consequently  the  mo- 
mentum increases  with  the  mutual  approximation  of  the 
atoms.  We  may  at  the  most  be  able  to  measure  the  sum  of 
the  total  momentum  developed,  whilst  the  atoms  approach 
one  another  from  a  distance  at  which  no  commensurate  action 
takes  place,  to  one  of  greatest  possible  proximity.  This^  is 
comparable  with  the  momentum  or  kinetic  energy  which 
would  be  imparted  to  a  body  falhng  to  the  earth  from  a  very 
great  or  infinite  distance.  It  is  impossible  to  take  m  hand 
measurements  of  chemical  affinity,  which  would  be  analogous 
to  the  experiments  made  with  an  Atwood's  machine,  from 
which  the  velocity  of  a  body  at  any  moment  and  any  horn- 
may  be  deduced. 

We  know  that  the  chemical  forces  are  exceedingly  small 
even  at  distances  so  minute  as  to  be  almost  incapable  of  mea- 
surement, and  that  they  become  extremely  powerful  at  still 
more  minute  distances,  that,  therefore,  they  increase  rapidly 
'  Bacon,  Novum  Organutn,  Lib.  1,  Aplior.  IV. 
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with  decreasing  distance,  and  probably  much  more  rapidly 
than  gravity  for  instance,  which  is  always  proportional  to  the 
inverse  of  the  square  of  the  distance  between  the  active  masses. 
But  as  we  do  not  know  whether  the  law,  in  accordance  with 
which  the  attraction  of  the  atoms  increases  with  the  diminution 
of  the  distance,  is  the  same  for  all  substances,  so  we  are  unable 
to  say  whether,  in  the  case  of  two  atoms  which  by  complete 
approximation  attam  a  greater  momentum  and  consequently 
produce  more  heat  than  two  others,  under  all  conditions  the 
former  would  attract  each  other  more  powerfully  than  the  latter. 
It  is  not  impossible  that,  when  at  a  given  distance  the  attrac- 
tion of  A  to  B  is  greater  than  that  of  B  to  C,  the  latter  may 
increase  as  the  distance  between  them  becomes  less,  and  hence 
at  a  smaller  distance  the  attraction  may  not  only  be  greater 
than  that  between  the  other  two,  but  also  produce  on  the 
whole  a  gi-eater  total  momentum.  Although  the  possibihty  of 
this  bemg  the  case  has  not  been  proved,  still  it  should  be  held 
m  remembrance,  as  it  may  perhaps  serve  to  give  the  clue  to 
the  explanation  of  phenomena  otherwise  inexpHcable. 

§  214.  It  is  further  evident  that,  as  already  mentioned  in 
Chapter  X.,  the  complex  nature  of  almost  all  chemical  pheno- 
mena brought  withm  the  range  of  observation  renders  their 
exact  investigation  excessively  difficult,  more  especially  the 
measurement  of  the  individual  forces  taking  part  in  them. 
Such  measurements  would  require,  what  has  hitherto  re- 
mained impossible,  viz.  the  exact  calorimetric  investigation 
either  of  the  pure  syntheses  of  compounds,  that  is  to  say, 
their  production  from  the  isolated  atoms,  or  of  their  decom- 
position into  these  ultimate  parts. 

At  all  events,  it  can  no  longer  be  doubted  that  all  ele- 
mentary bodies  may  be  resolved  into  free  atoms;  but 
hitherto,  we  have  only  succeeded  in  doing  so  for  a  small 
number,  e.g.  zinc,  cadmium,  mercury,  chlorine,  bromine,  and 
lodme,  and  even  in  these  cases,  which,  with  the  means  at  our 
command,  are  the  most  easily  attainable,  such  high  tempera- 
tures have  been  required  as  almost  to  exclude  the  possibilitv 
of  exact  calornnetric  measurements,  and  under  conditions 
which  render  the  combinations  of  atoms  with  others  im- 
possible. 
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It  is,  therefore,  impossible  for  us  at  the  present  time  to 
state  in  the  case  of  the  different  chemical  compounds,  what  is 
the  total  expenditure  of  potential  energy  (affinity) ,  which  in 
production  of  them  from  free  atoms  is  converted  into  kinetic 
energy  (heat).  The  production  of  a  compound  from  others  or 
from  the  molecules  of  its  constituents  can  only  serve  to  give  a 
complete  account  of  the  affinities  active  in  its  production, 
when  we  know  how  and  in  what  way  the  compounds  used  in 
its  production  are  held  together.  For  when  we  prepare 
chemical  compounds  from  other  already  existing  compounds 
of  atoms,  then  it  is  necessary,  as  already  mentioned  in  §  189, 
that  in  all  cases  the  affinities  must  be  overcome  and  liberated, 
before  other  different  states  of  combination  can  be  entered 
upon.  Since  this  in  itself  requires  a  certain  expenditure  of 
work,  therefore  the  potential  energy  of  the  affinities  cannot  be 
completely  converted  into  kinetic  energy  or  heat,  but  only 
the  portion  in  excess  of  that  used  up  in  the  manner  described. 

For  example,  if  hydrogen  is  burnt  with  chlorine  in  a 
space  kept  at  the  ordinary  temperature,  such  as  the  interior 
of  a  calorimeter,  then,  according  to  Thomsen,i  for  every  miit 
weight  of  hydrogen,  and  therefore  for  1  atom,  22000  calories 
or  thermal  units  are  produced  ;  or  an  amount  of  heat,  which 
would  suffice  to  raise  through  1°  C.  22000  times  the  weight  of 
the  burnt  atom  or  22000  parts  by  weight  of  water.  This 
amount  of  heat  is  not  the  measure  of  the  affinity  of  one  atom 
of  hydrogen  for  one  atom  of  chlorine,  but  is  equivalent  to  the 
potential  energy  of  this  affmity  minus  the  work  expended  in 
the  separation  of  the  atoms  in  the  molecules  of  the  elements 
from  one  another.  Smce  the  change  takes  place  according  to 
the  equation, 

HH  +  C1C1  =  HCl  +  HCl, 

then  the  kinetic  energy  produced  thereby  is  represented  by 
the  equation, 

(H,  :  eg  =  2(H,C1)-(H,H)-(C1,C1)  =  44000  cal., 

'  Ber.  d.  deut.  chem.  Ges.  1871,  iv.  942.  Since  Thomsen  takes  0  =  16  in  his 
investigations,  then  the  number  used  above  represents  really  the  heat  produced 
by  the  union  of  1-0025  parts  by  weight  of  hydrogen  with  35-46  parts  by  weight 
of  chlorine.    One  part  by  weight  of  hydrogen  produces  21950  thermal  units. 
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in  which,  according  to  the  nomenclature  introduced  by  Thom- 
sen,'  each  bracket  represents  the  heat  produced  or  calorific 
effect  (abbreviated  into  c.  e.)  which  is  produced  from  the  com- 
pound of  the  quantities  surrounded  by  the  brackets  and 
separated  by  a  comma.  This  c.  e.  is  regarded  as  positive 
when  heat  is  produced,  i.e.  when  potential  is  converted  into 
kinetic  energy,  and  negative  when  the  opposite  takes  place. 
The  above  equation  indicates  that  the  experimental  determi- 
nation of  the  total  c.e.  does  not  suffice  to  determine  the  affinity 
between  H  and  CI,  i.e.  the  value  (H,C1).  We  may,  however, 
eliminate  any  other  of  these  quantities  occurring  in  this  equa- 
tion, e.g.  (H,H),  by  the  investigation  of  any  other  reaction 
in  which  they  occur.  Thus,  this  quantity  is  contained  in  the 
following  equation — 

(H^  :  Br,)  =  2(H,Br)  - (H,H)  -  (Br,Br)  =  16880  (cal.). 

But  every  new  reaction  introduces  usually  at  least  one 
other  miknown  value,  so  that  we  have  more  unknowns  than 
equations  required  for  their  determination.  Consequently, 
the  measurement  of  heat  produced  by  chemical  action  cannot 
suffice  to  give  an  absolute  measure  of  the  affinities.  With 
the  means  at  present  at  our  disposal  we  can  only  measure  the 
difference  between  several  affinities.  Thus  from  the  above 
examples  we  can  only  conclude  that  the  potential  energy  of 
the  affinity  of  chlorine  for  chlorine  is  greater  by  the  above- 
mentioned  quantity  than  that  of  the  affinity  of  hydrogen  for 
hydrogen.  The  absolute  value  of  these  different  affinities  re- 
mams,  however,  in  our  present  state  of  knowledge,  miknown 
to  us. 

§  215.  A  number  of  equations  corresponding  to  the  total 
number  of  values  to  be  determined  can  only  be  obtained  on  a 
hypothesis,  hitherto  unverified,  viz.  that  the  several  units  of 
affinity  of  a  polyvalent  atom  are  equal,  and  that  the  same 
quantity  of  heat  is  always  produced  by  their  combination  with 
one  and  the  same  element.  If,  for  instance,  the  calorific 
eflect  of  the  formation  of  gaseous  mercurous  chloride  and 
mercuric  chloride  from  their  gaseous  constituents  were  known, 

'  ' Grunckiige eines  thermochemischcn  Systemes,' Poary  Jv,,  Ifi^^  i 
349.  §§  4  and  5,     also  TkennocU.nscke  JntersucJnmZ  ?i882  4  ' 
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then,  since  the  molecule  of  mercury  is  monatomic,  we  should 
have  the  following — 

i(2Hg  :  Ck)  =  (Hg,Cl)    -i(Cl,Cl)  =  A 
i(2HgCl  :  CI,)  =  (HgCl,Cl)-i(Cl,Cl)  =  B. 

Although  two  equations  are  given  here  for  two  values  still 
we  cannot  determine  them,  smce,  supposmg  the  hypothesis 
that  both  the  units  of  afdnity  of  the  mercury  atoms  are 
equal  to  be  correct,  then  A  must  be  equal  to  B.  If  this  is 
not  the  case,  then  the  c.  e.  of  (Hg,Cl)  must  differ  from  that 
of  (Hg2Cl,Cl),  and  so  we  have  again  three  unknowns.  It  is 
also  obvious  that  all  equations  of  this  character  contain  not 
only  the  action  of  each  chlorine  atom,  but  also  the  member 
-i(Cl,Cl),i.^.  a  quantity  representing  half  the  expenditure  of 
work  necessary  to  the  separation  of  a  molecule  of  chlorine, 
and  therefore  these  quantities  cannot  be  separated  by  any 
process  of  elimination.  In  a  like  manner,  in  the  case  of  the 
oxidising  action  of  oxygen  the  quantity  i(0,0),  or  m  the  case 
of  combination  of  hydrogen  the  quantity  i(H,H),  cannot  be 
eliminated  from  the  c.  e. 

But  by  regarding  the  sum  of  such  conjugated  quantities 
as  the  unknown  quantities  to  be  determined,  then  the  prob- 
lem is  to  some  extent  simplified,  and  by  the  aid  of  suitable 
hypotheses  a  tolerably  complete  solution  can  be  obtained.  In 
this  manner  Julius  Thomsen  ^  has  recently  instituted  calcula- 
tions for  the  compounds  of  carbon,  from  which  conclusions 
have  been  drawn  as  to  their  atomic  linking. 

By  supposing  that  both  the  oxygen  atoms  contained  in 
carbonic  anhydride,  CO^,  in  combining  with  an  isolated  carbon 
atom  do  so  with  the  production  of  an  equal  c.  e.,  he  has  cal- 
culated from  the  heat  of  combustion  of  solid  carbon  (charcoal) 
and  of  carbonic  oxide  the  expenditure  of  work,  d,  necessary 
to  set  free  an  atom  of  solid  carbon  and  convert  it  into  the 
gaseous  state.  When  carbon  and  carbon  monoxide  burn  we 
obtain  the  following— 

(C,00)-rf-(0,0)  =  96960  - 
(C0,0)    -i(0,0)=  68080  -^ 

•  Bcr.  d.  deut.  chem.  Ges.  1880,  1321,  1388,  1806,  2166. 
2  Or  67960  c,  vide  Therm.  TJntcrsmh.  1.  289. 
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From  which  it  follows  that  the  heat  of  combustion  when 
carbon  burns  to  carbon  monoxide  is — 

(C,0)—fZ— 1(0,0)  =  96960-68080  =  28880°- 

If  now 

(C,0)  =  (C0,0)  =  i(C,0,0), 

as  Thomsen's  hypothesis  assumes,  then  the  heat  of  disgrega- 
tion  for  1°  C.  is — 

d  =  68080-28880  =  39200 

With  the  aid  of  this  value  Thomson  then  calculates  further 
the  value  (q), 

q=  (C,H)-i(H,H)  =  14G87  % 

and  also  the  c.  e.  produced  by  the  combination  of  isolated 
carbon  atoms  with  one  another,  and  finds  the  remarkable 
result  to  obtain,  that  by  the  union  of  each  single  affinity  with 
one  another  the  same  c.  e.  is  produced  as  by  the  'union  of  a 
single  atom  of  hydrogen  {i.e.  q). 

(=C— ,— C=)  =  14805  % 

and  an  amount  which  is  scarcely  greater  in  the  case  of  union 
by  two  affinities — 

i~C=~C~)  =  15033 

but  m  the  case  of  union  by  three  affinities  it  becomes  almost 
indefinitely  small,  viz. — 

(— C=,=C— )  =  688  «• 

These  great  differences  have  enabled  him  to  arrive  at  the 
conclusions  already  mentioned  in  §  143  regarding  the  atom 
Hnkmg  m  different  hydrocarbons,  amongst  others  that  of 
benzene,  which  promise  to  become  important  aids  to  our 
knowledge  of  organic  compounds. 

These  calculations  show,  independently  of  the  truth  of  the 
hypothesis  upon  which  they  rest,  that  what  we  style  double 
and  triple  union  of  the  atoms  does  not  consist  of  a  simple 
repetition  of  that  which  we  regard  as  simple  union.  Since  no 
reasons  can  be  assigned  for  supposing  a  difference  amongst  all 
the  four  affinities  of  the  carbon  atom  (and  if  such  existed'it 
would  not  help  us  in  this  case),  we  can  only,  therefore,  explain 
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this  remarkable  result  as  indicating  that  two  carbon  atoms, 
which  are  already  miited  by  one  affinity,  have  thereby  lost  the 
ability  to  unite  again  m  a  similar  manner  with  one  or  two  of 
their  affinities. 

Moreover,  these  mvestigations  show  that  the  calorific  effect 

g  =  (C,H)-i(H,H) 

cannot  be  deduced,  as  one  might  have  previously  expected, 
solely  from  the  addition  of  hydrogen  to  an  unsaturated  hydro- 
carbon, since  hydrogen  will  give  rise  to  a  different  c.  e., 
according  as  it  unites  with  carbon  atoms  either  uncombmed 
or  combined  with  another,  and  this  again  according  as  the 
combination  is  effected  by  one,  two,  or  three  combining  units. 

Starting  with  the  hypothesis  that  the  band  spectrum 
produced  in  gases  by  the  electrical  discharge  changes  into 
a  line  spectrum  in  consequence  of  a  resolution  of  the  mole- 
cules into  atoms,  Eilhard  Wiedemann  ^  concludes  that  to  effect 
this  change  in  the  case  of  hydrogen,  128,000  heat  units  would 
be  necessary  for  every  unit  weight  of  hydrogen.  This  heat 
serves  in  part  to  raise  it  from  the  ordinary  temperature  and 
also  to  effect  the  resolution  of  its  molecules  into  atoms. 
Granting  this  hypothesis  to  be  correct,  then  we  may  consider 
the  followmg  to  be  a  fair  approximation— 

i(H,H)  =  120000 

and  consequently, 

i(C,H)  =  135000 

Wiedemann's  observations  show  that  the  heat  required  for  the 
dissociation  of  the  nitrogen  molecule  would  be  considerably 
greater  ;  a  result  which  the  properties  of  nitrogen  would  lead 
one  to  expect. 

It  is  nevertheless  remarkable  that  the  heat  of  disgregation 
of  hydrogen,  as  estimated  by  Wiedemann,  is  nearly  three  times 
as  great  as  that  required,  according  to  Thomsen,  to  effect  a 
similar  change  in  soHd  carbon,  which  is  entirely  opposed  to 
our  knowledge  of  this  substance.  This  fact  shows  the  neces- 
sity for  a  careful  examination  of  the  hypotheses  upon  which 
these  calculations  are  based. 

'  Wicd.  Ann.  1880,  x.  233,  252  ;  1883,  xviii.  509. 
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§  216.  That  the  calorific  effect  accomiDanying  the  pro- 
duction of  a  compound  is  not  alone  produced  by  the  action  of 
the  combining  affinities,  but  is  influenced  specially  by  the 
expenditure  of  work  necessary  to  the  release  of  previously 
combmed  affinities,  is  shown  by  the  fact  that  the  production 
of  several  compounds  is  attended  by  a  negative  calorific  effect, 
i.e.  an  absorption  of  heat.  Thus,  for  example,  according  to 
J.  Thomsen,'  the  formation  of  hydriodic  acid  from  hydrogen 
and  iodine  is  accompanied  by  a  negative  c.  e.  =  —  6036 
and  consequently  the  decomposition  of  the  compound  will  be 
accompanied  by  an  equal  but  positive  c.  e.  If  we  suppose 
the  formation  and  decomposition  to  take  place  according  to 
the  equations — 

H  +  I  =  HI  and  HI  =  H  +  I, 

then  it  follows  that  (H,I)  must  be  =  —  6036  That  is,  the 
production  of  the  compound  results  from  movements  opposed 
to  the  affinities,  whilst  the  decomposition  takes  place  in 
accordance  with  such  movements ;  or,  in  other  words,  iodine 
and  hydrogen  have  no  attraction  for  one  another,  but  rather 
repel  one  another.  It  would  then  be  entirely  inexpHcable 
why  these  elements  should  combine  at  all,  and  the  compound 
once  formed  should  decompose  immediately  into  its  elements. 
This  apparent  contradiction  disappears  at  once,  if  we  suppose 
both  these  phenomena  to  be  more  accurately  represented  by 
the  following  equations — 

HH+  II  =  HI  +HI 
HI  +  HI  =  HH  +  II, 

and  in  consequence  the  calorific  effects  by  the  following— 
^(H^  :  I,)  =   (H,I)  -i(H,H)- 1(1,1)  =-6036  «■ 
i(HI  :  HI)  =  i(H,H)  +  i(I,I)  -  (H,I)  =  -f  6036  - 

It  is  at  once  evident  that  all  the  three  quantities  (H,H), 
(1,1),  and  (H,I)  must  be  positive;  without  invalidating  these 
equations,  each  of  the  atoms  can  have  an  affinity,  and  in  fact 
a  very  great  affinity,  for  similar  as  well  as  for  dissimilar  atoms. 
The  observation  that — 

(H,I)+6036  c.  =  i(H,H)+ 1(1,1) 

'  Ber.  d.  deut.  chem.  Oes.  1872,  v.  770. 
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indicates  only  that  the  affinity  of  iodine  for  hydrogen  is 
smaller,  by  6036  heat  units,  than  the  sum  of  the  affinities  by 
which  the  atoms  of  each  of  the  elements  is  attracted  by  its 
like.  Since  these  latter  are,  according  to  the  investigations 
mentioned  in  the  foregoing,  very  powerful  forces,  so  also  are 
the  former  ;  but  the  difference  of  6036  is  small  compared 
to  the  heat  required,  according  to  Wiedemann,  to  dissociate 
the  molecule  of  hydrogen. 

§  217.  Nevertheless  our  knowledge,  although  so  limited, 
is  of  great  value  in  determining  the  comparative  affinities  of 
different  elements,  since  it  allows  us  to  determine  by  how 
much  the  affinity  of  one  element  for  another  is  greater  than 
that  of  a  third  element  for  this  latter.  Thus,  for  instance,  we 
know  from  the  observations  of  J.  Thomsen  '  that — 

i(H.,  :  CI.,)  =  (H,Cl)-i(H,H)-i(Cl,Cl)  =22000 
^(H;  :  Bi'O  =(H,Bi-)-i(H,H)-i(Br,Br)=8440 
i(H.;  :  I,)"  =  (H,I)  -i(H,H)-  i(I,I)   =  -6036. 

These  results  do  not  prove  that  the  affinity  of  chlorine  for 
hydrogen  is  greater  than  that  of  bromine,  and  this  than  that 
of  iodine  ;  for  these  equations  indicate  only  that — 

2(H,C1)  -2(H,Br)  -  (CI, CI)  +  (Br,Br)  =27120 
2(H,Br)- 2(H,I)  -(Br,Br)+  (1,1)  =28952; 

or  that 

2(H,C1)  +  (Br,Br)  =2(H,Br)  +  (C1,C1)  +  27120  °- 
2(H,Br)+   (1,1)    =  2(H,I)  +(Br,Br)+28952. 

But,  as  the  affinities  (C1,C1),  (Br,Br),  and  (1,1)  are  unknown, 
we  cannot  say  whether  the  sum  of  the  calorific  effects  on  the 
left-hand  side  in  the  above  equation  is  greater  than  those  ou 
the  right-hand  side,  because — 

(H,C1)  >(H,Br)>(H,I), 

or  because 

(Cl,Cl)<(Br,Br)<(I,I). 

Bearing  in  remembrance  the  facts  that  in  numerous  instances 
hydriodic  acid  is  more  easily  decomposed  than  hydrobromic 

■  Ber.  d.  cletU.  chem.  Ges.,  1871,  iv.  942  ;  1872,  v.  770.  Theim.  Unters.  18S2, 
ii.  37.  The  numbers  given  are  those  for  gaseous  chlorine,  liquid  bromine,  and 
solid  iodine. 
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acid,  and  this  latter  than  hydrochloric  acid,  and  that  the 
molecules  of  the  halogen  elements  offer  as  a  rule  but  little 
resistance  to  their  decomposition,  then  it  appears  in  the 
highest  degi-ee  probable  that  the  affinity  of  chlorine  for 
hydrogen  is  considerably  greater  than  that  of  bromine,  and 
this  latter  than  that  of  iodine.  How  great  the  difference  of 
energy  of  these  three  affinities  is  cannot  be  definitely  stated, 
as  long  as  the  quantity  of  work  necessary  for  the  resolution 
of  the  molecules  of  these  elements  remains  unknown  to  us. 

§  218.  Investigation  becomes  much  more  difficult  than  in 
these  relatively  simple  cases,  and  the  conclusions  more  uncer- 
tain, when  a  large  number  of  quantities  representing  affinities 
come  into  play.  Then  indirect  methods  have  often  to  be  em- 
ployed in  order  to  separate  as  far  as  possible  the  individual 
calorific  effects  and  to  determine  their  amount.  Investiga- 
tion depends,  in  this  case,  upon  that  law  of  the  mechanical 
theory  of  heat  which  states  that  when  one  system  of  mass 
passes  from  one  condition  to  another,  without  giving  out 
energy  or  receiving  any  from  without ;  the  change  thereby 
produced  "m  the  energy  of  the  system  is  dependent  only  upon 
the  primal  and  final  conditions,  not  upon  the  manner  in 
which  the  change  takes  place  nor  upon  the  different  stages 
through  which  it  passes. 

When,  for  instance,  carbon  burns  in  oxygen  to  form  carbon 
dioxide,  then  as  far  as  the  heat  produced  is  concerned,  i.e.  the 
change  from  potential  to  kinetic  energy,  it  is  a  matter  of 
indifference  whether  carbon  dioxide  be  the  immediate  result 
or  carbon  monoxide,  which  is  further  completely  burnt.  In 
the  same  way  the  calorific  effect  accompanying  the  formation 
of  carbon  monoxide  is  one  and  the  same,  whether  it  be  pro- 
duced du'ectly  from  carbon  and  oxygen,  or  whether  carbon 
dioxide  be  first  formed,  which  afterwards  by  an  expenditure  of 
energy  is  reduced  to  carbon  monoxide. 

By  the  aid  of  the  same  law  calorific  effects  may  be  deter- 
mined indirectly  in  cases  where  direct  determination  is  im- 
possible. Thus,  for  example,  the  combustion  of  carbon  to 
carbon  monoxide  cannot  be  so  conducted  as  to  allow  of 
calorimetric  determinations.  Observation,  however,  shows 
that  one  atom  of  carbon  (as  charcoal),  or,  in  round  numbers, 
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12  parts  by  weight,  burning  to  carbon  dioxide,  give  96,960 
units  of  heat  or  calories,  whilst  the  quantity  of  carbon  mon- 
oxide represented  by  the  formula  CO,  28  parts  by  weight  and 
also  containmg  one  atom  of  C,  on  burnmg  to  form  carbon 
dioxide  gives  68,080  heat  units.  Since  according  to  the  above 
law  the  same  quantity  of  heat  is  produced,  whether  carbon 
monoxide  be  first  produced  or  not,  then  the  difference  between 
96,960  and  68,080,  viz.  28,880,  must  represent  the  calorific 
effect  attendant  on  the  conversion  of  C  into  CO. 

In  fact,  it  is  often  a  matter  of  necessity  to  deduce  the 
calorific  effect  of  a  reaction  from  the  one  equivalent  to  it,  but 
of  the  reverse  order,  as,  for  instance,  in  the  determination  of 
the  amount  of  heat  required  to  decompose  water  from  that 
liberated  in  its  formation. 

§  219.  Manj'-  chemical  decompositions  are  not  suited  to 
calorimetric  measurement,  because  they  take  place  either  too 
slowly  or  incompletely,  or  under  conditions  otherwise  unsuit- 
able, because  they  are  not  capable,  of  direct  performance  or 
only  in  a  very  circuitous  manner.  Such  reactions  may,  how- 
ever, be  investigated  calorimetrically  by  the  aid  of  the  above 
cited  law  of  the  mechanical  theory  of  heat,  if  the  calorific 
effects  can  be  measured  which  are  associated  with  the  passage 
from  the  primal  and  final  states  into  any  particular  third 
condition — the  difference  in  these  -calorific  effects  represent- 
ing that  which  would  suffice  to  produce  the  dhect  passage 
from  the  primal  to  the  final  state. 

Supposing  the  question  to  arise,  What  is  the  calorific 
effect  accompanying  the  formation  of  the  molecule  of  marsh 
gas,  CH4,  from  one  atom  of  carbon  as  charcoal  and  four  atoms 
of  hydrogen  in  the  gaseous  state  ?  We  have  here  a  change 
which  we  cannot  produce  directly.  But  if  we  imagine  the 
carbon  to  be  burnt  to  carbon  dioxide  and  the  hydrogen  to 
water,  then,  as  far  as  concerns  the  quantity  of  heat  produced, 
it  is  of  no  importance  in  what  manner  the  change  takes  place. 
Supposing  the  carbon  and  hydrogen  be  first  allowed  to  com- 
bine to  form  marsh  gas,  and  then  this  compound  to  be  burnt 
to  form  carbon  dioxide  and  water,  according  to  §  218,  the  sum 
of  the  amounts  of  heat  produced  in  these  changes  must  be 
exactly  the  same  as  that  produced  by  the  immediate  com- 
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bustion,  for  the  primal  and  final  states  are  the  same.  We 
have,  therefore — 

(CO,)  +  (2H„0,)  =  (C,2H,)  +  (CH„20,),i 

and  therefore  the  heat  of  formation  of  marsh  gas  is — 
(C,2H,)  =  (C,0,)  +  (2H„0,)-(CH„20,). 

That  is,  the  heat  of  formation  of  marsh  gas  when  formed  from 
carbon  and  hydrogen  is  equal  to  the  heat  of  combustion  of  the 
isolated  elements  minus  that  of  marsh  gas  itself. 

In  this  mdirect  manner  a  number  of  calorific  effects  have 
been  determined.  It  is  frequently  necessary  to  make  deter- 
minations in  a  large  number  of  instances,  in  order  to  deduce 
the  desired  quantity  from  the  sums  or  differences  of  their 
calorific  effects.  Naturally  the  uncertainty  of  the  determina- 
tion increases  with  the  number  of  measurements,  since  the 
final  result  will  be  mfluenced  by  the  accumulated  errors  of 
ex]3eriment. 

§  220.  Another  considerable  difficulty  surrounds  such 
observations,  arising  from  the  fact  that  frequently  the  calorific 
effect  of  a  chemical  change  is  accompanied  by  others  which  are 
sometimes  positive,  sometimes  negative,  produced  by  changes 
of  state  resultmg  from  the  chemical  changes;  hence  the  total 
calorific  effect  differs  from  that  which  is  the  immediate  result 
of  the  chemical  change,  and  represents  the  true  action  of 
aflBnity. 

These  physical  calorimetric  actions  accompanying  those 
which  are  chemical  in  origin  are  to  be  attributed  to  the  fact 
that  all  the  conditions  within  the  range  of  our  observation 
are  conditions  of  matter  in  motion,  and,  therefore,  always 
containing  kinetic  energy,  the  quantity  of  which  varies  with 
the  conditions,  the  amounts  of  the  changes  in  which  we  -are 
unable  to  measure  in  every  case.  It  is  also  possible  that 
there  may  be  not  only  kinetic  and  potential,  but  other 
forms  of  energy  to  deal  with,  which  are  likewise  subject  to 
change  and  distmct  from  true  affinity,  i.e.' the  attraction  of 
the  atoms.    The  heat  produced  by  a  chemical  change  cannot 

'  In  both  cases  the  quantities  of  heat  necessary  for  the  decomposition  of 
the  molecules  of  0.^  and  H.,  have  been  left  out  of  consideration,  for  the  sake  of 
simplicity. 
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be  taken  as  a  measure  of  the  saturated  affinities,  unless, 
after  removal,  the  kinetic,  together  with  the  potential  energy 
present  (which  cannot  be  regarded  as  affinity)  remaining  in 
the  system  of  the  mass,  is  exactly  as  great  as  that  present 
before  the  chemical  change  took  place.  But  this,  perhaps,  is 
never  found  to  be  strictly  the  case,  seldom  approximately  so, 
and  in  many  cases  this  condition  never  obtains.  Numerous 
chemical  changes  are  more  frequentl}^  found  to  be  associated 
with  very  considerable  changes  of  physical  condition,  of 
density,  of  state  of  aggregation,  of  crystalline  form,  of  specific 
heat,  &c.,  which  Clausius  has  classed  together  under  the  name 
of  '  disgregation  ' '  or  degree  of  separation.  Every  increase  m 
the  dissolution  or  disgregation  requires  work,  or  an  equivalent 
amount  of  heat,  which  is  derived  from  the  amount  already 
present  or  from  the  quantity  produced  by  the  chemical  change  ; 
on  the  other  hand,  every  diminution  of  the  disgregation  pro- 
duces heat,  and  the  calorific  effect  of  the  chemical  process  is 
thereby  raised. 

When,  for  example,  gases  unite  to  form  solid  bodies,  their 
disgregation  is  diminished,  and  an  amount  of  heat  corre- 
sponding to  this  diminution  is  produced  or  liberated,  as  we  say 
— an  expression  not  altogether  suitable,  but  the  one  most  ■  in 
accordance  with  present  views.  If  gases,  on  the  other  hand, 
are  formed  from  solid  or  liquid  bodies,  or  liquids  from  solids, 
then  heat  is  used  up,  and  the  calorific  effect  diminished  to 
supply  the  same.  Considerable  changes  of  disgregation  may 
arise  without  changes  of  state.  In  the  combmation  of  gases 
accompanied  by  contraction  the  kinetic  energy  of  the  accelerated 
motion  of  the  reduced  volume  is  converted  into  heat,  although, 
for  instance,  chlorine  and  hydrogen  combine  without  contrac- 
tion. Still  the  calorific  effect  of  this  combination  is  not  to  be 
attributed  to  affinity  alone,  for  the  specific  heat  of  the  com- 
pound is  more  than  12  %  less  than  that  of  the  constituents ; 
the  difference  in  both  produces,  therefore,  an  increase  of  the 
calorific  effect.  Consequently  the  action  of  affinity  appears 
greater  than  it  really  is.  Similar  phenomena  accompany  almost 
every  chemical  change,  and  influence  the  calorific  effect  of  the 
same,  m  some  cases  to  a  greater,  in  others  to  a  smaller  extent. 

'  Coraimre  §  40. 
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§  221.  In  order  to  determine  the  relation  of  the  calorific 
effect  to  chemical  affinity,  it  is  necessary  to  separate  it  from 
all  actions  resulting  from  changes  in  disgregation.  Since 
these,  as  a  rule,  are  unavoidable  in  our  experiments,  then 
then-  thermic  effect  must  be  determined  and  subtracted  from 
the  total  heat  produced.  It  is  theoretically  possible  to  do  this, 
but,  at  the  present  time,  in  a  small  number  of  cases  only  can 
it  be  completely  carried  out,  inasmuch  as  many  of  the  changes 
of  disgregation  are  still  completely  beyond  determination. 
But  even  in  the  few  cases  within  reach,  the  mvestigators  who 
have  studied  these  phenomena  are  not  agreed  as  yet  on  the 
method  of  calculation.  This  in  part  arises  from  the  difficulty 
of  the  subject  itself,  but  principally  from  the  fact  that  so  long 
as  the  great  majority  of  thermochemical  investigations  have 
no  bearing  on  cases  of  the  real  action  of  affinity,  little  atten- 
tion has  been  paid  to  the  methods  of  calculation  in  the  few 
cases  in  which  the  thermochemical  research  deals  with  the 
action  of  affinity  pure  and  simple. 

In  the  majority  of  cases  investigators  have  satisfied  them- 
selves with  determmmg  the  calorific  effects,  including  the 
actions  of  dissociation,  and  have  only  mentioned  the  state  of 
the  bodies  investigated  before  and  after  the  change,  without 
which  statement  the  calorimetric  determinations  would 
naturally  be  valueless.  Up  to  the  present  it  has  only  been 
possible  to  calculate  with  anythmg  like  accuracy  the  changes 
of  disgregation  in  the  case  of  gases,  and  this  has  been  done 
in  the  manner  illustrated  by  the  following  example. 

If  hydrogen  be  burnt  with  oxygen  (in  a  space  kept  at  the 
ordinary  temperature— for  instance,  in  the  ulterior  of  a  calori- 
meter) under  the  pressure. of  one  atmosphere,  forming  water, 
then,  according  to  J.  Thomsen,'  every  unit  weight  of  hydrogen 
produces  34,100  calories,  an  amount  of  heat  by  which  34,100 
units  of  weight  of  water  can  be  raised  by  1°  C.^  This  amount 
of  heat  is  not  to  be  attributed  to  affinity  alone,  but  in  part  to 
the  kinetic  energy  which  the  two  gases  contained,  in  excess  of 
that  contained  by  the  liquid  produced  from  their  combination. 

'  Ber.  d.  deut.  chem.  Ocs.  1871,  iv.  944. 

2  If  0  is  taken  as  16,  and  H  equal  1-0025,  as  Thomsen  usually  does,  the 
number  for  one  atom  H  is  31188  c. 
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At  first  from  two  molecules  of  hydrogen  and  a  molecule  of 
oxygen,  two  molecules  of  steam  are  produced — 

HH  +  00  +  HH  =  HOH  +  HOH. 

Since,  at  the  same  temperature,  two  particles  of  steam 
possess  a  smaller  kinetic  energy  than  the  three  gaseous  par- 
ticles from  which  they  have  been  produced,  or,  what  amounts 
to  the  same,  will  with  equal  kinetic  energy  indicate  a  higher 
temperature,  then  the  excess  above  this  will  be  given  out  as 
heat  to  the  surrounding  bodies.  By  cooling,  however,  the 
steam  is  converted  into  water,  losing,  at  the  same  time,  the 
whole  kinetic  energy  depending  on  its  gaseous  condition,  or 
the  so-called  latent  heat  of  vapour. 

Both  losses  raise  the  temperature  of  the  calorimeter,  and 
make  the  true  heat  of  combustion  appear  too  great ;  and  must, 
therefore,  be  deducted  from  this  amount.  This  has  been 
attempted  in  different  ways.  A.  Naumann^  deducts  the 
kinetic  energy  of  the  rectilinear  motion  of  the  volume  of  gas 
disappearing  in  the  act  of  combination,  which  has  at  the  same 
temperature  the  same  value  for  the  molecular  weight  of  aU 
gases.^  According  to  §  14  and  §  16,  this  value  for  air,  and 
therefore  for  every  other  gas,  is — 

iJMi^^  28^87  .4gg„a2 ,   T   ^  3395000  . 
2  2     ^  273  273 

Since  the  mechanical  equivalent  of  the  unit  of  heat 
amounts  to  425"',  and  when  g  represents  the  acceleration  of 
gravity,  then — 

leal  ^  425'».(/  =  425"' . 9'" . 806  =  41683"*, 

hence  it  follows  that  the  rectilineal  motion  of  the  molecular 
weight  of  any  gas  at  the  absolute  temperature  T  is  equivalent 
to  the  following  value — 

3395000  ^  X  =2-99  T; 
4168  273 

or,  roughly,  =  3T  ;  that  is,  for  every  degree  of  temperature 
it  is  equivalent  to  three  heat  units. 

'  Annalen,  Suppl.-Bd.  vi.  295 ;  Gmelin  Kraut,  Handb.  der  anorg.  Chemic, 
I.  i.  284.  Compare  §  15. 
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Then,  since  for  every  two  molecular  weights,  or  four 
parts  by  weight  of  hydrogen,  one  molecular  weight  of  oxygen 
is  taken  up,  then  in  the  burnmg  of  one  part  by  weight  of 
hydrogen  the  diminution  of  the  kinetic  energy  of  the  recti- 
Imear  motion — 

  3  m  . 

~  4  ^' 

or,  if  the  experiment  is  made  at  20°  C. — 

=  ^293.  =  220'^-; 
4 

and  in  the  burmng  of  a  molecular  weight,  or  two  parts  by 
weight — 

4  T  =  440  °- 

J.  Thomsen  arrives  at  the  influence  of  contraction  in  a 
somewhat  different  manner.^ 

If  a  gas  under  the  pressure  jp  expands  by  the  volume  v, 
then  it  has  to  do  external  work  amounting  to  p.v. 

When  it  is  compressed  under  the  same  pressure  to  a  simi- 
lar volume,  an  amount  of  heat  equivalent  to  the  above  will 
be  hberated.  But,  accordmg  to  the  kinetic  theory  of  gases 
(see  §  14) — 

or,  for  the  volume  containing  one  molecular  weight — 

C  onsequently,  the  expenditure  of  work  is  only  two-thirds  as 
great  as  that  resulting  in  the  former  calculation :  therefore 
=  2  T,  or  is  equivalent  to  two-thirds  of  the  kinetic  energy  of 
the  rectilineal  motion.  This  correction  of  Thomsen's  is  there- 
fore a  third  smaller  than  that  proposed  by  Naumann.  But 
neither  represents  quite  correctly  the  loss  in  kinetic  energy,  to 
which  the  uniting  bodies  are  subject ;  for,  as  the  motion'  of 
the  molecules  changes,  so  also  does  that  of  their  constituent 

'  Ber.  d.  dcut.  chem.  Oes.  1880,  xiii.  1326. 
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atoms.  According  to  Clausius, ^  the  whole  of  the  kmetic  energy 
of  a  gas  is  related  to  the  rectihneal  motion  of  its  molecules,  in 
the  manner  expressed  by  the  foUowmg  formula — 

H  ^  2  /   c  \ 

K      3  \c'—c)  ' 

in  which  o'  represents  the  specific  heat  under  constant  pres- 
sure, and  c  that  of  constant  volume.  Hence  we  have  for  the 
molecular  weight  of  any  gas — 

H  =  V  3  T  =  2  .         .  T. 

3  Vc'-c/  c'-c 

But  for  hydrogen  and  oxygen  it  is— 

^'  =1-410;  therefore,  =  =  2-439. 

c 

consequently — 

H=4-88T. 

Therefore  each  of  these  gases  contains,  in  its  molecular 
weight,  at  every  degree  of  absolute  temperature,  4-88  heat 
units  as  its  total  heat  motion,  3  of  which  are  to  be  attributed 
to  the  rectilmeal  motion,  1-88  to  the  motion  of  the  atoms 
within  the  molecules. 

According  to  Clausius,^  the  values  for  steam  are— 

c'=0-4750,    c  =  0-3637,    -  =  1'306. 

c 

Consequently  the  total  kinetic  energy  of  the  molecule  is— 

H  =-?^  =  6-536  .  T, 
0,306 

and  that  of  the  motion  of  the  atoms  in  the  molecule— 

H  -  K  =  3-536  .  T, 

according  to  which,  if  the  steam  produced  were  cooled  to 
100°  C.  it  would  then  contain  in  the  molecular  weight  the 
total  kinetic  energy — 

H  =  6-536  X  373  =  2438 

'  Abhandhmgen  iibcr  die  mechanische  W&rmetheorie,  1.  Aufl.  a.,  Abh.  mv- 
258  {Fogg.  Ann.  c).  '  Liebig's  Annalcn,  1861,  cxvui.  118. 


INFLUENCE  OF  DISGEEGATION 


415 


whilst  the  other  half  of  the  molecular  weight  of  the  gas,  from 
which  the  water  was  produced,  contained  before  combustion 
at  20°  C.  only— 

H  =  I  X  4-88  X  293  =  2245 

therefore  193  less. 

If  the  steam  condensed  to  form  water  having  the  tempera- 
ture of  100°  C,  then  for  every  unit  of  weight  there  will  be 
liberated  536-5  c.  for  the  molecular  weight,  therefore — 

536-5  +  H^O  =  536-5  x  17-96  =  9638°- 

and  further,  in  the  cooling  of  the  water  to  20°  C,  there  will  be 
liberated — 

17-96  x  80  ^  1437 

Therefore,  from  the  amount  of  heat  produced  as  determined 
by  the  calorimeter,  for  every  molecular  weight  a  deduction 
must  be  made  amounting  to  the  following — 

9638  +  1437  -  193  =  10880  <=• ; 

consequently,  for  every  molecular  weight  of  hydrogen  burnt 
the  number  of  calories  to  be  ascribed  to  affinity  will  be  obtained 
by  subtracting  the  above  number  from  the  total  heat  pro- 
duced, thus — 

2  X  34100  -  10880  =  57320  ''■^ 

Corrections  of  this  character  cannot  at  present  be  accepted 
without  reserve,  as  the  views  upon  which  they  depend  have 
not  been  proved  to  be  quite  unimpeachable.  The  values  taken 
as  representing  the  specific  heats  at  constant  volume  are  by 
no  means  trustworthy. 

The  determination  of  the  amount  of  disgregation  and  the 
calorific  effects  associated  with  it  is,  in  the  case  of  liquids  and 
soHds,  still  more  difficult  than  m  the  case  of  gases.  Indeed 
scarcely  any  real  attempts  have  been  made  to  separate  the 
calorific  effects  depending  on  affinity  from  those  accompany- 
ing it  and  dependent  upon  changes  in  disgregation.    In  many 

'  There  is  little  difference  between  this  number  and  that  obtained  by 
employing  Naumann's  or  Thomsen's  correction.  The  latter,  for  instance, 
obtains  the  number  57010  c.  for  H- 1-0025,  from  which  the  number  67470  c.  is 
obtained  for  H  =  1.    Compare  also  Thcrinochcjii.  Unters.  ii.  55. 


416 


MODERN  THEORIES  OP  CHEMISTRY 


cases  we  cannot  even  approximately  estimate  how  much  of 
the  observed  calorific  effect  is  due  to  disgregation,  and  it  is 
impossible  to  say  whether  it  is  greater  or  less  than  that  due 
to  affinity. 

§  222.  Our  ignorance  respecting  the  phenomena  of  dis- 
gregation renders  the  exact  investigation  of  the  calorific  effects 
accompanying  the  action  of  affinity  an  exceedingly  difficult 
one.  As  a  rule  it  is  not  known  whether  the  production  of  heat 
observed  in  a  chemical  change  has  been  produced  by  the 
saturation  of  chemical  affinity,  or  whether  it  owes  its  origm  m 
part  to  other  potential  or  kinetic  energy,  and  it  still  remains 
very  doubtful  whether  the  kmetic  energy  produced  by  the 
saturation  of  affinity  has  appeared  as  heat,  or  whether  greater 
or  smaller  quantities  have  been  employed  in  the  increase  of 
the  disgregation. 

It  is,  in  fact,  doubtful  whether  heat  produced  by  affinity 
can  be  separated  from  that  produced  by  disgregation  even  in 
the  abstract,  let  alone  experimentally.  It  is  quite  possible 
that  both  arise  out  of  operations  quite  analogous  in  character, 
the  extremes  of  which  exhibit  marked  differences  ;  but  the 
contrasts  in  these  cases  are  so  gradually  adjusted  by  inter- 
mediate members  that  no  sharp  boundary  can  be  drawn 
between  them.  This  conception  finds  considerable  support  in 
the  observation  that  those  chemical  changes  accompanied  by 
positive  calorific  effect  are,  as  a  rule,  attended  by  contraction, 
a  diminution  of  the  space  occupied  by  the  active  bodies,  and 
in  such  cases  where  a  negative  calorific  effect  is  produced,  an 
expansion  is  usually  observed.  These  changes  of  volume 
accompanying  chemical  change  have  latterly  been  investigated 
by  W.  Miiller  Erzbach,^  who  arrives  at  the  conclusion  that, 
almost  without  exception,  contraction  takes  place  m  all  cases 
where  an  element  or  radical  to  which,  from  its  chemical 
behaviour,  we  attribute  a  stronger  affinity,  expels  another,  to 
which  we  are  accustomed  to  ascribe  a  weaker  affinity. 

To  cite  a  few  examples  from  the  numerous  cases  collected 

»  V.  Miiller-Erzbach,  Fogg.  Ann.  1870,  cxxxix.  287  ;  1873,  cxlix.  33  ;  1875, 
cliv.  196.  Progravim  Nr.  606  der  Hauptschule  zu  Bremen,  1879  ;  Ber.  d.deni. 
chem.  Ges.  1880,  1658  ;  1881,  217  ;  1882,  1301  ;  1883,  758;  Wied.  Ann.  1681, 
522 ;  Liebig's  Ann.  1881,  ccx.  196  ;  1883,  ccxxi.  125. 
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together  by  Miiller  Erzbach :  when  a  metal  A  can  expel 
another,  B,  from  its  compounds  with  C,  then  in  almost  every 
case  the  relations  between  the  volumes  measured  in  the  solid 
state  are — 

V(BC)  +  V(A)  >  V(AC)  +V(B). 

When  iodine  is  expelled  by  bromine,  and  this  latter  by 
chlorine  from  their  compounds  with  another  element  E,  then 
the  volumes  are — 

V(EI)  +  V(Br)  >  V(EBr)  +  V(l) 
V(EBr)  +  V(C1)  >V(EC1)  +  V(Br). 

On  the  other  hand,  many  of  the  oxygen  compounds  of  the 
halogens  exhibit  a  contraction  of  the  total  volumes,  when 
in  accordance  with  the  strength  of  the  affinities  chlorine  is 
expeUed  by  bromine  and  this  by  iodine.  Miiller  Erzbach 
considers  that  we  have  here  a  suitable  method  of  measuring 
the  strength  of  affinities,  since  the  changes  taking  place  in  this 
sense  are  always  accompanied  by  contraction.  It  is  not, 
however,  according  to  his  views  an  absolute  measure,  but 
BtUl  it  is  better  than  that  of  the  calorific  effects  accompanying 
such  changes.  Those  who  will  not  go  so  far  as  to  prefer  to 
measure  affinity  by  the  contraction  rather  than  the  calorific 
effect,  must  acknowledge  that  both  of  these  phenomena  stand 
in  a  very  near  relationship  to  the  primal  cause  of  chemical 
change. 

But  different  explanations  may  be  given  as  to  the  existence 
of  this  causal  connection ;  the  one  most  generally  accepted  is 
that  the  stronger  affinity  communicates  a  greater  velocity  to 
the  atoms,  which  brings  them  nearer  to  one  another,  and  by 
the  series  of  collisions  a  greater  amount  of  heat  is  produced. 
It  is  also  permissible  to  suppose  that  the  atoms  produce  heat 
by  commg  in  contact  with  one  another,  because  their  ap- 
proximation renders  a  part  of  their  individual  motion  im- 
possible, consequently  this  motion  is  converted  into  heat. 
The  important  difference  between  these  views,  otherwise  not 
very  dissimilar  from  one  another,  is  to  be  found  in  the  fact 
that,  according  to  the  former,  the  contraction  as  well  as  the 
calorific  effect  is  dependent  upon  the  reciprocal  action  of  the 
combining  substances,  whilst  according  to  the  latter  the  part 

E  E 
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taken  by  each  separate  body  in  both  operations  is,  or  may  be, 
independent  of  the  other. 

§  223.  Different  observations,  amongst  which  we  may 
mention  the  results  obtained  by  J.  Thomsen^  in  the  determi- 
nation of  the  heat  of  neutralisation  of  acids  and  bases  in 
dilute  solutions,  show  that  the  thermal  effect  iDroduced  by  one 
body  is  independent  of  the  nature  of  the  substance  on  which  it 
acts.  Under  the  assumption  that  the  acid,  base,  and  salt  are 
soluble  and  remain  dissolved,  or  that  the  heat  absorbed  by 
the  dissolution  of  one  of  these  substances,  or  that  produced  by 
the  production  of  a  precipitate,  has  been  deducted,  then  it 
follows  that  the  heat  of  neutrahsation  is  dependent  upon  the 
nature  of  the  base,  as  well  as  upon  that  of  the  acid;  still 
there  are  many  acids  which  produce  the  same  calorific  effect 
with  the  same  base,  and  also  different  bases  may  produce  the 
same  calorific  effect  with  the  same  acids.  •  The  difference  of  the 
heat  of  neutralisation  of  two  acids  is,  with  two  exceptions, 
very  nearly  or  exactly  the  same,  no  matter  what  base  may 
have  been  neutrahsed  by  them,  and  also  the  difference  of  heat 
of  neutrahsation  of  two  bases  is  mdependent  of  the  nature  of 
the  acid  used  to  neutraUse  them. 

Thus,  for  instance,  m  neutrahsmg  an  acid  by  caustic  soda, 
for  every  2NaOH,  630  units  of  heat  are  produced  more  than 
that  produced  by  the  equivalent  quantity  of  baryta.  Sulphmic 
acid  gives  for  H^SO^,  3530  to  3580  thermal  units  more  than 
the  equivalent  quantities  of  hydrochloric  acid,  2HC1,^  of 
nitric  acid,  2HNO3,  of  thio-sulphuric  acid,  H^S^Og,  or  ethyl 
hydrogen  sulphate,  2EtHS0„  and  about  16,000  heat  units 
more  than  the  equivalent  quantity  of  the  mono-basic  sulphu- 
retted hydrogen,  2HSH. 

From  these  observations  it  follows  that  the  heat  of  neutral- 
isation acccompanying  the  formation  of  a  salt  from  an  acid 
and  base  represents  the  sum  of  two  calorific  effects,  one  ol 
which  is  determined  by  the  nature  of  the  acid,  the  other 
being  dependent  upon  the  nature  of  the  base.  The  pheno- 
menon of  neutralisation  appears,  therefore,  to  be  the  sum  0 
two  quite  distinct  changes  of  state  of  each  of  the  two  reactmg 

•  Fogg.  Ann.  1871,  cxliii.  354,  &c. :  Thcinochomische  Untersuchungcn,  1882. 
i.  422. 
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substances,  and  not  as  a  consequence  of  the  reciprocal  action 
of  both,  that  is  their  attraction  or  affinity.  It  is  therefore 
very  improbable  that  the  heat  of  neutralisation  arises  from 
the  potential  energy  of  chemical  affinity.  It  appears  rather 
to  be  produced  by  quite  distinct  changes  of  energy,  in- 
dependent of  those  of  affinity,  and  indeed  possibly  from  the 
kmetic  energy  of  the  reacting  substances. 

All  acids  and  bases  do  not  exhibit  this  constant  difference 
of  heat  of  neutralisation;  more  especially  is  this  the  case 
with  some  of  the  weaker — for  instance,  acetic  acid.  Still,  these 
differences  cannot  be  considered  as  produced  by  other  causes 
than  those  operating  in  the  other  cases. 

§  224.  Inasmuch  as  the  heat  of  formation  of  a  salt  is 
compounded  of  that  of  the  acid  together  with  that  of  the  base, 
and  that  of  the  heat  of  neutralisation,  then  this  discovery  of 
Thomson's  shows  that  the  total  calorific  effect  attending  the 
formation  of  a  salt  in  aqueous  solutions  from  its  elementary 
constituents  represents  the  sum  of  two  constant  quantities, 
one  of  which  alone  is  dependent  upon  the  nature  of  the  metal, 
the  other  upon  that  of  the  negative  constituent. 

The  preceding  table  contains  these  calorific  effects  for 
nineteen  metals,  in  the  formation  of  different  salts,  calculated 
from  Thomson's  determinations.  The  numbers  in  each  case 
correspond  to  two  equivalents  of  metal.  Their  meaning  will 
be  intelhgible  from  the  headings  attached  to  each  column. 

Of  all  the  metals  investigated,  lithium  produces  the  greatest 
amount  of  heat  when  it  passes  from  the  metallic  state  into  a 
salt  dissolved  in  water ;  the  calorific  effect  exceeds  that  of  the 
other  metals  by  quantities  represented  in  the  table  on  the 

following  page. 

The  '  calorific  effect,'  in  the  case  of  lithium,  exceeds  that 
of  any  other  metal  by  almost  the  same  amount,  irrespective 
of  the  nature  of  the  element  with  which  it  unites.  The  same 
apphes  to  the  negative  elements.  For  instance,  gaseous  chlo- 
rine, when  it  forms  a  chloride  soluble  in  water,  produces,  for 
every  two  atoms,  by  its  combination  with  two  equivalents  of 
a  metal  and  solution  of  the  chloride  in  water,  9300  <=  less  than 
2  atoms  of  N,  and  6  atoms  of  0,  forming  a  nitrate  of  the  same 
metal,  and  about  200200  "  less  than  2  atoms  of  S,  and  b 
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(a).  DrFFERENCEs  OF  Caloiufic  Effects  fbom  those  of  Lithium  Salts. 


Metal 

Chloride 

Bromide 

Iodide 

Hydroxide 

Sulph- 
liydrtitc 

Sulphate 

Dithionate 

Nitrate 

Tii 

n 

yj 

U 

U 

A 

u 

A 

u 

A 
U 

A 
0 

A 
0 

1 1  jsn 

1 1  tXf\f\ 
iioUU 

1  1  il^A 

lliSDO 

1  1  OCA 

111  7A 
11170 

1  1  OOA 

llzdO 

1  1  OAA 

11390 

jr 

^2 

91  f!n 

01  OA 

1  APA 

1960 

1960 

1960 

1960 

1910 

aig 

1  7^*7  f\ 

1  (0  /u 

I7OOU 

17570 

17630 

17630 

17060 

17530 

Pd 

i  /  ^  (U 

17260 

16990 

17410 

16680 

17250 

Qv 

oolU 

oolO 

on  A  A 

8740 

8740 

8470 

8150 

8630 

±jd, 

1  DoU 

7AQA 
/DoU 

77AA 

770  A 

7070 

6690 

P,n 

141 7Qn 

t  /i  1  0  C  A 

141850 

141130 

141600 

A  a 

177420 

176780 

177230 

QI  CCA 

01  70A 

AAA  A  A 

90900 

91500 

Cd 

108250 

106980 

104330 

— 

— 

107930 

107710 

He 

144640 

TI2 

127540 

127360 

127520 

Sn 

123360 

Pb 

128530 

128210 

127900 

125940 

Mn 

76500 

76500 

76500 

76560 

75840 

76290 

Fe 

104550 

104550 

104550 

104610 

Co 

109680 

109680 

109680 

109740 

109470 

Ni 

110800 

110800 

110800 

110860 

101590 

atoms  of  0,  forming  the  dithionate  of  the  same  metal ;  the  other 
elements  behave  in  a  similar  manner ;  hence  we  may  form  a 
table  similar  to  the  above,  which  would  contain  the  differences 
by  which  the  calorific  effects  of  all  the  salts  of  each  metal 
exceed  that  of  one  of  them— for  instance,  that  of  the  chlorides. 
This  has  been  done  in  the  following  table  : — 

(b).  DrFFEEENCE  IN  THE  CaLOEIFIO  EfFECTS  FKOM  THOSE  ATTENDING  THE 
FOEMATION  OF  ChLOEIDES. 


iletal 

Chlo- 
ride 

Bromide 

Iodide 

Hydroxide 

Sulph- 
hydrate 

Sulphate 

Dithionate 

Li, 

0 

-21880 

-52800 

+  30380 

-72260 

+ 135720 

+  200170 

0 

21860 

52420 

30600 

72040 

136030 

200420 

K, 

0 

21880 

52300 

30580 

72060 

135920 

200370 

Mg 

0 

21880 

52300 

72050 

135660 

200680 

Ca 

0 

21870 

52290 

30390 

71980 

135580 

200760 

Sr 

0 

21870 

52230 

30450 

71920 

200930 

Ba 

0 

21870 

52290 

30310 

72060 

135680 

200790 

Cu 

0 

21880 

135660 

200830 

Zn 

0 

21880 

52300 

135660 

200930 

Cd 

0 

21610 

48380 

136040 

TI2 

0 

30560 

135740 

Pb 

0 

21560 

200800 

Mn 

0 

21880 

52300 

135660 

200830 

Fe 

0 

21880 

62300 

135660 

Co 

0 

21880 

52300 

135660 

Ni 

0 

21880 

52300 

135660 

Nitrate 


+ 19330 
19420 
19580 
19370 
19350 
19510 
20030 
19520 
19490 
19870 
19400 
21920 
19540 

19540 
19540 
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The  differences  indicated  in  the  same  lines  or  columns  in 
the  last  two  tables  are  very  nearly  equal.  The  small  differ- 
ences exhibited  by  them  are  generally,  but  not  in  every 
instance,  within  the  limits  of  experimental  errors.  In  the 
case  of  cadmium,  the  differences  of  the  heat  of  neutralisation 
with  different  acids,^  and  accordingly  the  total  heat  of  forma- 
tion of  the  salts,  vary ;  the  exception  exhibited  by  lead  nitrate 
is  the  immediate  result  of  the  observation  that  lead  oxide  pro- 
duces more  heat  with  nitric  acid  than  with  hydrochloric  ^  acid, 
whilst,  otherwise,  both  acids  have  equal  heats  of  neutrahsa- 
tion ;  lead  dithionate,  by  another  method  of  calculation,  also 
forms  an  exception.  The  heat  of  neutralisation  of  this  acid 
with  soda  was  found  equal  to  that  of  hydrochloric  acid  and  of 
nitric  acid.^  If  the  heat  of  neutralisation  of  lead  oxide  be 
taken  as  equivalent  to  that  of  the  former,  then  the  number 
contained  in  the  table  is  obtained ;  if,  as  has  been  done  by 
Thomsen,^  it  is  taken  as  equal  to  nitric  acid,  then  the  heat 
of  formation  of  the  dithionate  will  be  279110  %  a  number 
forming  an  exception  to  the  series. 

Premising,  as  we  may,  that  these  observed  regularities  will 
hold  in  the  case  of  salts  of  metals  and  acids  not  investigated, 
the  calorific  effects  accompanying  the  formation  of  these  salts 
in  aqueous  solutions  may  be  calculated  with  fair  approxuna- 
tion  by  adding  the  differences  in  the  tables  a  and  h  to  those 
of  lithium  chloride,  just  as  the  composition  of  neutral  salts 
may  be  determined  from  a  knowledge  of  the  equivalents  of 
acids  and  bases. 

If  we  denote  by  a  (K)  the  calorific  effect  due  to  a  metal, 
and  by  yS  (Q)  that  due  to  the  constituents  of  an  acid,  then  the 
calorific  effect  produced  in  the  formation  and  solution  of  the 
salt  (E,  Q)  will  be  represented  as  follows  : — 

(E,  Q,  Aq)  =  (Li^,  CI2,  Aq)  -  a  (E)  +  ^  (Q)- 

When,  for  instance,  the  dithionates  of  nickel  or  cobalt  are 
formed  from  one  atom,  Ni  or  Co,  two  atoms,  S,  and  six  atoms. 


»  J.  Thomsen,  Themochemie,  iii.  279,  645. 
2  Ibid.  i.  378,  386,  444  ;  iii.  328. 

»  Ibid.  i.  174.  *  Ibid.  iii.  519. 
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0,  and  dissolved  in  water,  the  calorific  effects  accompanying 
their  formation  will  be  as  follows  : 


numbers,  which  are  fairly  accurate. 

The  conditions  are  not  so  simple  in  the  case  of  the  forma- 
tion of  salts  in  the  solid  state,  and  even  in  solution  the  heats 
of  formation  of  many  salts,  especially  of  those  of  weaker  acids 
and  bases,  do  not  exhibit  a  similar  regularity,  which  is,  per- 
haps, to  be  explained  by  a  difference  in  the  constitution  of 
thek  solutions. 

§  225.  The  experiments  of  W.  Ostwald  *  afford  a  similar 
insight  into  the  knowledge  of  the  operation  of  neutralisation. 
Ostwald's  method  of  experiment  consists  in  dissolving  acid 
and  base  in  so  much  water  that  the  solution  of  each  equiva- 
lent weight  in  grams  weighs  a  kilogram ;  the  solutions  are 
mixed,  and  the  changes  in  volume  accompanying  their  action 
upon  one  another  determined ;  when  expansion  takes  place 
this  is  regarded  as  positive,  and  a  contraction  as  negative. 
These  observations  show  that  the  changes  in  volume  asso- 
ciated with  neutralisation  vary  with  the  nature  of  the  acid,  as 
well  as  with  that  of  the  base  ;  if,  however,  the  different  bases 
are  employed  to  neutralise  one  and  the  same  acid,  then,  for 
two  different  bases,  the  expansion  exhibits  the  same  difference, 
whatever  be  the  nature  of  the  acid  neutralised,  and  also  the 
difference  of  the  expansions  associated  with  the  neutralisation 
of  two  acids  is  independent  of  the  base  neutralised.  In  the 
following  table,  under  the  headings  potash,  soda,  ammonia, 
are  given  the  expansions  which  accompany  the  neutralisation 
by  these  bases  of  the  acids  mentioned  in  the  first  column,  and 
at  the  same  time  the  differences  of  these  expansions,  which 
are  very  nearly  equal  for  all  acids. 

'  Volumchemische  Studien,  Magister  Dissertation,  Dorpat,  1877  ;  Doctor 
Dissertation,  1878  ;  Fogg.  Ann.  1876,  Erg.-Bd.  viii.  154  ;  Joum.  /.  prakt. 
Chemie,  a  series  of  papers  from  1877. 


(Ni,  S„  0„  Aq) 


(Co,  S^,  0„  Aq) 


204500  ^  -  109680  °  +  200800  ° 
=  295620  ° 

204500  '  -  110800  °  +  200800  <= 
=•  294500  ° 
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Potash 

K— Na 

Soda 

Na— Am 

Ammonia 

K-Am 

Nitric  acid 

+  20-05 

0-28 

+ 

19-77 

26-21 

-  6-44 

26-49 

Hydriodic  acid 

+  19-80 

0-26 

+ 

19-54 

25-28 

-  6-44 

26-24 

Hydrobromic  acid  . 

+  19-63 

0-29 

+ 

19-34 

25-90 

-  6-56 

26-19 

Hydrochloric  acid  . 

+ 19-52 

0-28 

+ 

19-24 

25-81 

-  6-57 

26-09 

Trichloracetic  acid 

+ 17-36 

0-29 

+ 

17-07 

25-73 

-  8-66 

26-02 

Dichloracetic  acid  . 

+  12-95 

0-25 

25-67 

-12-97 

25-92 

Formic  acid  . 

+  12-36 

0-21 

+ 

12-15 

25-74 

-13-59 

25-95 

+ 10-85 

0-23 

+ 

10-63 

25-72 

— 15-09 

25-94 

Glycolic  acid  . 

+  9-62 

0-10 

+ 

9-52 

26-01 

-16-49 

26-11 

Acetic  acid 

+  9-52 

0-23 

+ 

9-29 

25-55 

-16-26 

25-78 

Lactic  acid 

+  8-27 

0-14 

+ 

8-13 

25-87 

-17-74 

26-01 

Propionic  acid 

+  7-83 

0-15 

+ 

7-68 

25-50 

-17-82 

25-65 

Butyric  acid  . 

+  6-98 

0-14 

+ 

6-84 

25-47 

-18-63 

25-61 

Isobutyric  acid 

+  6-30 

0-13 

+ 

6-17 

25-44 

-19-27 

25-57 

Mean 

0-21 

25-75 

25-97 

The  following  table  expresses  by  how  much  the  expansion 
accompanying  the  neutralisations  by  the  several  acids  exceeds 
that  of  isobutyric  acid,  which  is  the  smallest  of  all.  It  is  evi- 
dent that  these  differences  are  also  almost  independent  of  the 
nature  of  the  base. 


Potasli 

Soda 

Ammonia 

Mean 

Nitric  acid  .... 

13-74 

13-60 

12-83 

13-39 

Hydrochloric  acid 
Trichloracetic  acid 

13-22 

13-07 

12-70 

13-00 . 

11-06 

10-89 

10-60 

10-85 

Dichloracetic  acid 

6-65 

6-63 

6-30 

6-49 

Monochloracetic  acid  . 

4-55 

4-45 

4-18 

4-39 

Acetic  acid  .... 

3-22 

3-11 

3-01 

311 

Lactic  acid  .... 

1-97 

1-96 

1-53 

1-82 

Propionic  acid 

1-53 

1-50 

1-45 

1-49 

Butyric  acid 

0-68 

0-67 

0-64 

0-66 

If  we  take  the  smallest  expansion  observed  in  neutraHsa- 
tion,  that  of  isobutyric  acid,  and  represent  it  by  a,  and  that 
produced  by  ammonia  by  b,  then 

a  +  h  =  19-27  ;  b=  -{a  +  19-27) ; 

from  the  mean  of  the  differences  given  above,  the  expansion 
accompanying  neutralisation  for  potash  and  soda  is  as 
follows : — 

Potash,  h  4-  25-97  =  25-97  -  19-27  -  a  =  6-70  -  a 
Soda,     b  +  25-75  =  25-75  -  19-27  -a  =  6-48  -  a, 
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Nitric  acid  . 
Hydrochloric  acid 
Trichloracetic  acid 
Dichloracetic  acid 
Monochloracetic  acid 


and  for  the  acids  the  following  values  are  obtained  : — 

a  +  13-39  Acetic  acid    .  .  .   a  +  3-01 

a  +  13-00  Lactic  acid   .  .  .    a  +  1-82 

a  +  10-85  Propionic  acid  .  .    a  +  1-49 

a  +    6-49  Butyric  acid  .  .  .    a  +  0-66 

a  +   4-39  Isobutyric  acid  .  .a  — 

Since  the  constant  a  occurs  in  all  these  expressions,  we 
cannot  determine  it,  nor  are  we  in  a  position  to  say  whether 
it  is  positive  or  negative,  or  whether  it  represents  a  contrac- 
tion or  expansion  ;  still,  without  this  knowledge,  we  obtain  no 
unimportant  clue  to  the  operation  of  neutralisation.  The 
most  remarkable  result  contained  in  these  numbers  under 
consideration  is,  that  in  the  formation  of  a  salt,  each  acid  and 
each  base  exercises  m  all  cases  quite  a  distinct  influence  upon 
the  volume  of  the  solution,  so  that  the  change  in  volume  is 
composed  of  expansions  or  contractions,  characteristic  of  both 
the  acid  and  the  base. 

Since  Ostwald  has  observed  that  the  changes  of  refractive 
power  brought  about  by  neutralisation  are  quite  similar  to 
those  phenomena  attending  the  changes  of  volume,  he  con- 
cludes that  the  formation  of  a  salt  from  an  acid  and  a  base 
belongs  to  that  class  of  chemical  operations  in  which  the 
change  of  physical  state  produced  by  the  act  of  combination 
has  a  constant  value  for  every  constituent  entering  into  the 
combination,  and  is  independent  of  the  other  constituents 
with  which  the  first  combines. 

Ostwald,  at  the  same  time,  draws  attention  to  the  fact  that 
the  heat  of  neutralisation,  calculated  for  the  equivalent  weight, 
is  usually  so  much  the  greater  the  smaller  the  expansion  or 
the  greater  the  contraction  accompanying  the  neutralisation. 
Thus,  for  some  organic  acids,  the  following  values  have  been 
obtained : — 


Expansion  on  neutralising  with 

Heat  of 

KOH 

neutralisation ' 

Formic  acid 

+  12-36 

-13-60 

13380 

Acetic  acid 

+  9-52 

-16-26 

13330 

Proi^ionic  acid 

+  7-83 

-17-82 

13340 

Butyric  acid  . 

+  7-01 

-18-63 

13660 

Valerianic  acid 

13980 

Berthelot,  Ann.  Chim.  Phys.  [5]  1875,  vi.  326. 
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A  similar  remark  applies  to  many  inorganic  acids,  for  an 
equivalent  of  which  we  have  the  following  values  : — 


Expansion  on  neutralising  with 

Heat  of  Neutralisation 

Acid 

KOH 

(Thomsen,  1869) 

HNO3 

+  20-05 

-  6-44 

13620  cal. 

HCl 

+ 19-52 

-  6-57 

13740  „ 

i  H,SO, 

+  11-90 

-14-35 

15690  „ 

HE 

16270  „ 

This  rule  is  not  so  generally  applicahle  that  one  may  con- 
clude the  heat  of  neutralisation  to  be  always  greater,  the 
smaller  the  expansion;  the  above  examples,  however,  show 
that,  as  already  mentioned,  both  phenomena  are  very  nearly 
associated  with  one  another. 

These  remarkable  observations  of  Thomsen  and  Ostwald, 
relatmg  to  the  neutralisation  of  acids  and  bases,  and  the  for- 
mation of  salts  in  dilute  aqueous  solutions,  are,  however, 
capable  of  a  still  more  extended  application.  Since  the  phe- 
nomena associated  with  the  formation  of  salts,  the  calorific 
effect,  the  .change  of  volume,  and  of  refractive  power,  &c.,  are 
made  up  of  two  parts,  one  of  which  is  dependent  alone  on  the 
nature  of  the  positive  constituent,  the  other  on  that  alone  of 
the  negative,  and  these  bemg  further  both  independent  of 
one  another,  it  follows  that  they  cannot  be  attributed  to  re- 
ciprocal action,  and  are,  therefore,  not  due  to  affinity.  For, 
supposing  these  phenomena  to  be  influenced  by  the  strength 
of  the  affinity,  then,  for  instance,  chlorine  by  its  union  with 
potassium,  or  copper,  or  other  elements,  could  not  always 
have  a  constant  influence  on  the  calorific  effect.  These  facts 
should  rather  be  regarded  as  indicating  that  every  free  ele- 
ment, every  acid,  and  also  every  base,  contains  a  fixed 
amount  of  energy,  which  in  the  act  of  combination  is  in  such 
a  condition  that  it  may  in  part  be  utiHsed  in  the  production  of 
change  of  the  disgregation  or  liberated  as  heat.  This  energy 
is  not  produced  by  the  affinity,  but  rather  set  at  liberty  by  it. 
Thus,  chemical  affinity  effects  the  combination  of  substances 
in  a  manner  similar  to  that  in  which  a  spark,  in  igniting  a 
barrel  of  gunpowder,  causes  an  explosion,  but  has  no  influence 
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on  the  violence  of  the  outburst,  which  is  dependent  alone  on 
the  amount  of  the  powder. 

§  226.  To  the  adherents  of  the  older  views  on  this  subject, 
this  undoubtedly  unexpected  but  undeniable  deduction  demon- 
strates the  necessity  for  care  in  attempting  to  answer  the 
question  as  to  the  nature  of  the  causal  connection  between  the 
calorific  effects  accompanying  chemical  changes  and  the  affi- 
nity of  the  atoms  for  one  another.  This  question  is  one  which 
latterly  has  frequently  been  the  subject  of  discussion,  more 
especially  from  the  standpoint  that  affinity  is  a  power  of 
attraction  residing  in  the  atoms,  and  that  the  thermal  effects 
represent  the  conversion  of  the  potential  energy  of  this  power 
into  kinetic ;  in  such  views  is  to  be  found  the  main  support 
of  the  doctrine  that  when  the  atoms  act  in  the  sense  of  the 
stronger  affinities  a  positive  calorific  effect  is  produced,  pro- 
vided this  is  not  influenced  by  any  change  associated  with  the 
chemical  changes. 

Inasmuch  as  from  this  point  of  view  the  stronger  affinity 
regarded  as  attraction  must  necessarily  produce  the  greater 
calorific  effect,  the  idea  has  obtained  considerable  support 
that  the  atoms,  when  yielding  only  to  the  action  of  their  own 
powers,  always  produce  those  compounds  with  the  formation 
of  which  the  greatest  development  of  heat  is  associated.  This, 
in  fact,  appears  to  take  place  in  many  cases,  but  that  it  does 
so  in  accordance  with  law,  no  one  has,  as  yet,  dared  to  main- 
tain, although  such  a  law  might  appear  evident  and  desirable. 
Observation  has  shown,  not  mifrequently,  the  existence  of 
chemical  changes  accompanied  by  an  absorption  of  heat, 
without  the  possibility  of,  in  all  cases,  explaining  this  away  by 
the  characters  of  the  accompanying  physical  phenomena  ; 
those  investigators  who  have  taken  up  this  question  have,  as 
a  rule,  expressed  themselves  very  cautiously  in  this  matter. 

J.  Thomson  expressed  in  1853,i  and  in  1873  ^  repeated 
the  following  views  on  this  subject :  *  Every  simple  or  complex 
action  of  a  purely  chemical  character  is  associated  with  a  pro- 
duction of  heat.' 

Alexander  Naumann  ^  in  1869  expressed  himself  as  follows  : 

'  Pogg.  Ann.  1854,  xcii.  34.  ^  Ber.  d.  deut.  chem.  Qes.  1873,  vi.  425. 

'  Lieb.  Ann.  18G9,  cli.  168. 
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that  'with  few  exceptions,  capable  of  being  otherwise  ex- 
plained, those  chemical  changes  which  must  take  place  with 
an  absorption  of  heat  are,  so  to  speak,  indirect  changes.  That 
is  to  say,  they  occur  simultaneously,  and  are  dependent  upon 
other  changes  which  are  themselves  accompanied  by  a  produc- 
tion of  heat.' 

In  giving  the  following  rule,  Berthelot  ^  goes  considerably 
further.  '  Every  chemical  change  which  is  completed  without 
the  interposition  of  external  energy  will  always  tend  to  the 
production  of  that  body,  or  that  system  of  bodies,  developing 
the  maximum  quantity  of  heat.' 

This  statement  has  been  reproduced  in  some  of  the  newer 
text- books  in  a  much  more  assertive  and  dogmatic  form.  It 
has  been  thoroughly  criticised  by  B.  Kathke,  and  its  validity 
and  range  considerably  narrowed,  more  especially  the  law 
maintained  by  Berthelot  and  designated  by  him  as  the  '  Prin- 
cipe du  travail  maximum.'  From  the  facts  mentioned  in 
§§  223  and  224  neither  of  these  statements  can  claim  to  be 
regarded  as  axioms,  requirmg  no  proof ;  but  even  when  based 
upon  the  earher  view,  which  in  the  author's  opinion  is  no  longer 
tenable,  the  application  of  either  of  these  views  depends  consi- 
derably upon  the  interpretation  of  certain  phrases  contained 
in  the  statements.  That  of  Thomsen  is  dependent  upon  what 
is  understood  by  an  '  action  of  a  purely  chemical  character,' 
whilst  the  application  of  that  of  Berthelot  depends  upon  the 
meaning  given  to  the  words  '  tends  towards,'  &c.  ('  tend  vers 
la  production,'  &c.).  If  the  expression,  'actions  of  a  purely 
chemical  character,'  be  understood  to  describe  such  as  take 
place  without  the  aid  of  physical  forces ;  then  those  decompo- 
sitions produced  by  heat,  in  which  the  kinetic  energy  of  heat 
acts  m  separating  the  combined  atoms,  cannot  any  longer  be 
regarded  as  purely  chemical  actions.  This,  however,  stands 
in  direct  contradiction  to  the  usual  mode  of  expression,  ac- 
cording to  which  the  formation  of  a  compound,  as  well  as  its 
decompositions,  are  usually  spoken  of  as  chemical  actions. 
Whilst  the  differences,  so  far  as  Thomsen's  propositions  are 
concerned,  are  merely  dependent  upon  the  meaning  to  be 
assigned  to  certain  definitions,  there  are  greater  and  more 
'  Essai  cle  Mdcanigue  chimique,  fondi  sur  la  Therinochiinie,  ii.  421,  1879. 
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material  differences  in  respect  to  the  doctrines  of  Berthelot. 
Although  one  may  allow  the  existence  of  a  certain  tendency  to 
form  the  compound  which  produces  the  greatest  amount  of 
heat,  or  that  such  a  tendency  may  be  conceived,  still,  it  must 
be  "admitted  that  in  innumerable  cases  this  tendency  is  not 
only  never  realised,  but  that  its  existence  cannot  be  detected. 

Berthelot  has  thoroughly  discussed  a  large  number  of 
those  cases  which  form  exceptions  to  his  doctrine,  and  has 
attempted  to  explain  away  the  discrepancies,  and  thus  establish 
the  vaHdity  of  his  views.  Although  these  efforts  have  been 
successful  in  many  cases,  still,  in  others  facts  have  been 
strained  and  arbitrarily  interpreted,  not  unfrequently  result- 
ing in  a  contradiction  in  terms.  Whilst  referring  the  reader 
for  a  complete  discussion  of  this  matter  to  Eathke's  ^  criticism, 
stUl,  an  endeavour  will  be  made  in  the  following  to  show  that, 
from  a  general  point  of  view,  there  are,  and  must  be,  many 
cases  of  chemical  change  which  are  not,  and  cannot  be  ac- 
counted for  by  Berthelot's  doctrine. 

§  227.  This  doctrine  rests  on  two  assumptions,  first,  that 
the  atoms,  when  unhindered  by  external  forces,  behave  as  if 
possessed  of  the  stronger  affinities,  and  secondly,  that  such  a 
movement  always  produces  a  positive  caloric  effect.  The  two 
parts  of  this  doctrine  do  not  necessarily  harmonise.  The 
first  of  these  is  the  outcome  of  an  obsolete  view,  in  accordance 
with  which  the  atoms  are  regarded  as  material  particles  at 
rest.  Granting  this  assumption,  and  presupposing  that  the 
reciprocal  attractions  (affinities)  decrease  in  accordance  with 
some  law,  at  any  rate,  very  quickly,  as  the  distances  sepa- 
rating them,  then  two  atoms,  A  and  B,  which  for  simplicity 
are  supposed  to  be  monovalent,  so  soon  as  they  are  brought 
sufficiently  near  for  the  attractions  to  come  into  play,  will 
then  move  towards  one  another,  and  by  impact  their  potential 
energy  will  be  completely  converted  into  kinetic,  which  may 
entirely  or  partially  assume  the  form  of  heat.  Now,  suppose 
a  third  atom  C,  the  affinity  of  which  for  A  exceeds  that  of  B, 
is  brought  into  their  vicinity,  no  change  will  take  place  so 

'  Ueber  die  Principien  cler  Thermochemie  tmd  Hire  Anioendung,  Halle, 
1881;  Ahh.  d.  Naturf.  Ges.  zu  Halle,  tlv.;  Wiedemann,  jBei6Za«er,  1881,  v. 
183. 
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long  as  the  distance  of  separation  between  A  and  C  remains 
sufficiently  great  to  render  their  mutual  attraction  less  than 
that  between  A  and  B.  But  let  C  be  brought  sufficiently  near, 
then  it  will  combine  with  A,  and,  as  we  have  supposed  A  to 
be  monovalent,  B  is  expelled  from  the  compound.  The  kinetic 
energy  thereby  produced  is  equivalent  to  the  potential  energy 
existing  between  A  and  C,  mmus  the  amount  of  work  required 
for  the  separation  of  A  and  B,  Under  these  conditions  a  de- 
composition of  the  compound  AC  by  B  is  entirely  impossible. 
It  would,  therefore,  follow  that  the  stronger  atom  would  in- 
variably expel  the  weaker,  so  soon  as  it  is  brought  sufficiently 
near  to  the  combination,  but  it  cannot  be  expelled  by  the 
weaker,  and  Berthelot's  proposition  could  be  unconditionally 
accepted. 

The  conception  upon  which  this  representation  rests  does 
not  in  any  way  correspond  to  the  true  character  of  the  chemi- 
cal elements  and  their  compounds.  Atoms  and  molecules  are 
not  material  particles  at  rest,  but  particles  in  very  rapid 
motion,  and,  indeed,  every  molecule  has  not  only  movements 
as  a  whole,  but  its  individual  parts,  the  atoms,  are  possessed 
of  special  motions,  which  are,  however,  limited  to  the  extent 
that  none  of  them  can  be  separated  beyond  a  fixed  distance. 
So  the  form  and  intensity  of  the  motions  of  the  molecules,  as 
well  as  of  the  atoms,  depends  not  only  upon  their  material 
nature,  but,  in  the  first  place,  on  the  temperature,  and  also, 
at  least  very  frequently,  if  not  invariably,  upon  the  space 
occupied  by  a  given  quantity  of  the  matter.  As  to  the  form 
of  the  molecular  motions,  fairly  accurate  assumptions  may 
be  made,  especially  in  the  gaseous  or  vaporous  condition  (see 
§§  13-15) ;  of  other  forms  of  molecular  movement  we  know 
considerably  less.  Of  the  forms  of  the  motions  of  the  atoms  in 
the  molecules  we  are  practically  without  mformation  ;  a  prion 
it  may  be  maintained  that  the  molecular,  as  well  as  the  atomic 
movements,  are  either  of  such  a  nature  that  their  kinetic  energy 
remains  invariably  constant,  or  are  of  such  a  character  that 
this  alternately  increases  and  decreases  at  the  expense  of  the 
so-called  tension  or  potential  energy  existent  in  them.  ^  The 
first  case  would  be  illustrated  by  an  atom  rotatmg  about  itself 
in  ckcular  paths,  or  by  several  rotating  around  one  another 
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or  some  common  centre  ;  in  the  latter  case,  on  the  other  hand, 
the  paths  described  by  the  atoms  would  not  be  circular,  but 
elliptical,  or  several  atoms  would  perform  motions  backward 
and  forward  in  a  manner  somewhat  similar  to  that  of  an  iron 
ball  suspended  between  the  poles  of  a  strong  magnet,  when  set 
in  motion  in  a  line  at  right  angles  to  the  line  joining  the  poles. 

However  these  movements  be  conceived,  such  conceptions 
will  have  the  greatest  probability  in  which  a  portion  of  the 
kinetic  energy  passes  at  one  time  into  potential,  and  this  again 
into  kinetic,  in  other  words,  movements  by  which  the  attract- 
ing atoms  are  at  one  time  brought  nearer,  at  another  removed 
further  from  one  another.  That  the  movements  are,  as  a  rule, 
of  this  character,  follows  from  the  action  of  heat  in  effecting 
decompositions,  already  discussed. 

If  the  movements  of  the  atoms  in  the  molecule  are  of  the 
kind  described,  then  the  decomposibility  of  the  molecules  will 
vary  according  to  the  position  of  the  atoms  at  any  particular 
moment.  It  is,  therefore,  theoretically  conceivable  that  one 
and  the  same  molecule  may  in  one  case  be  decomposed  by 
another  whilst  at  other  times  it  may  not  be  so  acted  upon  by 
the  same  substance,  without  our  being  able  to  detect  a  differ- 
ence in  the  external  conditions,  more  especially  in  that  of 
temperature. 

Taking  again  as  the  simplest  example  the  phenomena 
resulting  from  the  action  of  an  isolated  atom  C  upon  a  mole- 
cule AB  consisting  of  monovalent  atoms,  which,  for  simpHcity's 
sake,  we  may  suppose  to  be  in  the  gaseous  state,  consequently 
containing  material  particles  moving  m  rectilineal  paths  with 
great  velocity ;  then  different  actions  would  result  from  the 
impact  of  AB  on  C.  One  of  the  possible  results  of  this  would 
be,  that  whilst  A  and  B  are  removed  from  one  another  as  far 
as  possible,  and  consequently  their  kinetic  energy  in  part 
converted  into  potential,  C  might  strike  A  by  reason  of  its 
great  velocity,  and  so  remove  this  atom  h-om  out  of  the  sphere 
of  B's  action,  and  itself  unite  with  A. 

A  portion  of  the  kinetic  energy  of  C  would  thereby  be  em- 
ployed in  overcoming  the  affinity  of  A  to  B,  but  at  the  same 
time  heat  or  some  other  form  of  kinetic  energy  would  result 
from  the  affinity  of  A  to  C. 
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Whether  in  the  formation  of  the  systems,  by  the  action  of 
the  three  atoms,  the  kmetic  energy  is  greater  or  less  than  that 
of  the  system  before  their  action,  will  depend  upon  whether 
C  or  B  produces  more  heat  by  its  combination  with  A :  in 
order  that  the  change  may  take  place,  it  is  evident  that  it  is 
unnecessary  that 

(AC)>(AB), 

for  C  may  supply  in  kinetic  energy  what  is  wanting  in  affinity. 
The  temperature  will  be  lower  after  the  change  than  before, 
but  this  does  not  make  the  change  impossible. 

§  228.  Passing  now  to  the  consideration  of  larger  masses, 
then  the  case  depicted  above  is  only  one  amongst  numerous 
other  possible  actions.  For  the  final  result  of  the  interaction 
will  be  dependent  upon  the  fact,  whether  the  interchange  takes 
place  at  all,  if  seldom  or  frequently,  and  more  especially  will 
it  be  determined  by  the  circumstance,  whether  this  change 
takes  place  more  frequently  than  the  opposite  one,  viz.  the  ex- 
pulsion of  C  by  B  from  its  combination  with  A. 

One  might  now  try  to  conceive  that  when  the  affinity 

(AB)>(AG), 

then  the  change 

AC  +  B=AB  +  C 

would  more  easily  and  consequently  more  frequently  take 
place  than  the  reverse 

AB  +  C  =  AC  +  B. 

So  that  every  quantity  of  the  compound  AC  would,  as  soon 
as  it  is  produced,  be  immediately  decomposed,  and  finally  the 
change  corresponding  to  the  stronger  affinities  must  obtain 
the  upper  hand.  This  supposition  is,  however,  theoretically 
entirely  unnecessary,  inasmuch  as  the  possibility  and  the 
feasibility  of  such  decompositions  are  not  dependent  alone  on 
the  strength  of  the  affinities,  but  also  upon  other  properties  of 
the  atoms  and  compounds,  and  likewise  upon  external  con- 
ditions. A  nearer  consideration  of  the  phenomena  shows,  that 
in  order  that  the  change  may  be  brought  about,  it  is  not 
sufficient  that  the  particles  in  theii'  rapid  movements  to  and 
fro  should  only  meet,  but  that  the  nature  of  the  impact  is 
also  of  considerable  importance.    Supposmg  for  mstance  that 
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C  can  unite  with  A  in  any  position,  but  that  B  can  only  unite 
when  A  approaches  it  in  some  given  position,  then  AC  can 
form  more  quickly  than  AB.  Any  isolated  atom  A  would 
therefore  more  quickly  find  an  atom  C,  with  which  it  can 
combme,  whilst  it  might  meet  B  a  hundred  times  before  the 
compound  AB  could  be  produced.  Such  a  case  would  perhaps 
seldom  occur  with  isolated  atoms ;  but  might  more  frequently 
occm-  in  case  of  compounds  consisting  of  several  atoms,  the 
compound  radicals,  for  mstance,  which  can  only  unite  with  an 
atom  in  a  particular  position.  It  would  be  useless  to  follow 
such  considerations  further ;  it  may  be  considered  sufficient  to 
have  shown  that  a  chemical  change  is  a  complicated  pheno- 
menon, dependent  upon  a  variety  of  conditions,  and  not 
determined  alone  by  the  so-called  affinity. 

In  fact,  many  observations  show,  as  the  following  sections 
will  prove,  that  a  chemical  change  very  frequently  is  accom- 
panied by  one  directly  opposed  to  it,  that,  under  exactly 
similar  conditions  combmation  and  decomposition  take  place 
side  by  side,  therefore,  together  with  the  change  operatmg,  in 
the  sense  of  the  stronger  .affinities,  the  opposite,  which  the 
weaker  affinities  tend  to  bring  about,  takes  place,  so  that  the 
condition  striven  for  by  the  stronger  affinities  is  never  com- 
pletely attained.    One  might  indeed  say  that,  when 

(^B)>(AC), 

then  the  change 

AC+B=AB+C 
is  brought  about  by  affinity,  and  the  reverse 

AB  +  C=AC-hB, 
taking  place  simultaneously,  is  due  to  the  action  of  heat, 
therefore  an  external  cause.  This  would,  however,  be  nothing  " 
more  than  a  play  with  words,  for,  without  heat  being  produced 
very  few,  if  any  changes  take  place  at  all.  But  if  heat  aids 
both  decompositions,  then  it  is  at  the  least  arbitrary  to  say 
that  the  first  is  brought  about  by  affinity  aided  by  heat,  and 
the  second  by  heat  aiding  the  weaker  affinity  of  C  to  B. 

If  one  should  style  as  external  energy  the  heat  contained 
m  the  mteracting  substances,  in  the  form  of  molecular  motion 
then  most  probably  there  is  not  any  chemical  change  com- 
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pleted  without  the  aid  of  external  energy,  at  any  rate,  such 
could  only  be  observed  at  absolute  zero,  viz.  at — 273°  C. 

§  229.  The  second  conception  contained  in  Berthelot's 
doctrine,  that  the  satisfymg  of  the  stronger  affinities  is  mvari- 
ably  associated  with  a  larger  positive  calorific  effect,  has  per- 
haps never  been  doubted,  but  generally  recognised  as  self- 
evident,  although  conclusive  reasons  for  the  necessity  of  such 
a  supposition  are  not  to  be  found.  There  are  important 
theoretical  reasons  for  laying  down  this  principle,  a  principle 
which  cannot,  however,  be  derived  with  the  same  generahty 
from  observation. 

Although  the  author  has  at  all  times  advocated  the  value 
of  hypotheses  and  theories  and  even  the  use  of  incorrect  ones, 
and  at  the  same  time  is  willmg  to  acknowledge  that  without  the 
theoretical  considerations  upon  which  this  doctrine  is  based 
we  may  not  be  in  a  position  to  dispose  of  the  experimental 
data  obtained  by  thermo-chemical  investigations,  still  imme- 
diate danger  may  arise  from  too  dogmatic  an  assertion  of  this 
doctrine,  which  is  neither  unassailable  from  a  theoretic  pomt 
of  view  nor  experimentally  proven,  and  thereby  interferuag 
with  an  unprejudiced  view  of  the  facts  and  hence  staying  the 
true  advance  of  our  knowledge. 

The  ideas  upon  which  this  and  other  doctrines  of  thermo- 
chemistry are  based,  have  their  origm  in  those  which  regarded 
the  phenomena  of  molecular  physics  and  of  chemistry  as 
entirely  statical  phenomena,  as  produced  by  particles  possessed 
of  forces  of  attraction  resting  in  positions  of  equilibrium. 
Smce  that  time  the  conceptions  of  physicists  and  chemists 
have  entirely  changed ;  kinetic  theories  have  come  to  the  fore 
and  have  revealed  to  us  the  properties  of  matter  m  a  light 
•  hitherto  undreamt  of.  The  kinetic  theory  does  not,  as  has 
already  been  pomted  out  (§  227),  allow  of  the  doctrme  of  the 
equilibrium  of  atoms  at  rest ;  the  conception  of  the  action  of 
affinities  without  that  of  the  atomic  motions,  especially  of  heat, 
is  a  fiction  which  cannot  be  apphed  in  any  case  coming  under 
our  observation.  If  these  movements  of  the  atoms  are  to  be 
considered,  then  we  must  investigate  what  part  m  the  observed 
calorific  effects  is  to  be  attributed  to  them,  and  how  much  is 
due  to  the  potential  energy  of  the  hypothetical  force  of  affinity. 
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The  facts  described  in  §§  224-226  make  it  appear  extremely 
doubtful  whether  the  atoms  do  really  possess  powers  of  attrac- 
tion and  consequently  potential  energy ;  it  is  more  probable  that 
the  whole  of  the  kinetic  energy  they  give  out  is  already  their 
own  as  such.  This  being  the  case  then  the  whole  conception 
of  affinity,  upon  which  the  doctrmes  of  thermo-chemistry  are 
based,  requu^es  to  be  completely  reconstructed,  and  there  can 
no  longer  be  any  talk  of  potential  but  only  of  kinetic  energy. 

Considering  the  doubtful  position  of  -these  doctrines  it 
appears  requisite  to  regard  them  as  problems  wantmg  in  proof, 
and  to  investigate  without  prejudice  what  chemical  changes 
are  accompanied  by  a  positive  and  what  by  a  negative  calorific 
effect.  Juhus  Thomsen  has  many  years  ago  indicated  this 
method  as  the  right  one,  when  he  says  :  ^ 

'  In  the  different  branches  of  Natural  Science  apparently 
very  simple  laws  are  frequently  discovered;  but  an  exact 
examination  of  these  soon  leads  to  the  discovery  of  anomalies 
the  causes  of  which  are  to  be  found  partly  in  faulty  observa- 
tions, partly  m  the  imperfections  of  the  law.  So  has  it  been 
with  me  m  this  case.  The  simple  laws  of  thermo-chemistry 
agi-eewith  observations  in  so  many  instances  that  I  have  been 
thoroughly  convmced  of  their  near  approxunation  to  the  truth 
But  a  continued  study  of  the  phenomena  brought  to  light 
numerous  anomahes,  and  it  was  soon  made  evident  from  my 
own  observations  that  the  older  investigations  were  in  part  too 
inexact  to  form  substantial  grounds  for  speculation.  Instead 
ot  makmg  useless  speculations  as  to  the  cause  of  these  anoma- 
hes, I  chose,  rather,  the  more  difiicult  but  by  far  more  certain 
method  VIZ  by  means  of  a  comprehensive  experimental  in- 
vestigation to  coUect  new  and  rehable  material.' 

The  science  is  not  even  to-day,  ten  years  later,  in  a  position 
to  forsake  this  path.  It  is  not  her  province  to  explahi  away 
the  exceptions  to  the  supposed  laws,  but  to  show  impartially 
what  are  the  cases  in  which  the  supposed  law  holds,  where 
positive  and  where  negative  calorific  effects  are  produced,  and 
finally  m  what  cases  the  amounts  of  heat  produced  correspond 
to  the  greatest  possible  amount  which  the  re-acting  bodies 
can  produce.  The  more  carefully  this  is  performed,  the  sooner 

'  Ber.  d.  deut.  chem.  Oes.  1873,  428. 
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shall  we  arrive  at  the  knowledge  of  those  laws  and  rules  which 
must  supersede  the  present  ones. 

§  230.  An  unbiassed  examination  of  the  observations 
shows  that  the  supposition,  that  the  stronger  afi&nity  corre- 
sponds to  the  greater  heat  production,  is  not  by  any  means  in 
every  case  confirmed. 

It  is,  for  example,  not  easy  for  any  one  to  object  to  the 
supposition  that  those  acids  possess  the  greater  affinity,  which 
when  in  equivalent  quantity  with  another  in  reacting  simul- 
taneously and  under  similar  conditions  upon  an  equivalent  of 
a  base,  can  combine  with  the  larger  portion  of  the  base.  The 
stronger  acids,  defined  so  in  accordance  with  this  idea,  are  by 
no  means  those  which  when  neutralised  by  bases  produce  the 
larger  amount  of  heat.  On  the  contrary  a  large  number  of 
examples  are  known  of  acids  which  produce  the  greatest 
calorific  effect  when  neutralised,  yet  these  are  expelled  from 
their  salts  more  or  less  completely  by  acids  having  a  much 
smaller  heat  of  neutralisation.  The  followmg  table  contains 
a  series  of  mono-  and  di-basic  acids  arranged  according  to  the 
values  of  their  heat  of  neutralisation  obtained  by  Thomsen,' 
and  calculated  as  equivalent  to  two  equivalents  of  sodic 
hydroxide  (2  NaOH) : 


Heat  of  Neuteamsation  of  Acids. 


Hydrofluoric     acid  . 

2 

H  . 

F 

32540  c. 

Sulphuric           i,  . 

H,. 

SO, 

31380 

Selenic               „     .       .  . 

H.,. 

SeO, 

30390 

Hypophosphorous ,, 

2 

h'. 

PH.,0.. 

30320 

Dichloracetic       „      .       .  . 

2 

H  . 

C.,HCL,0., 

29660 

Sulphurous         „     .       .  . 

H,. 

SO3 

28970 

Metaphosphoric   „     .       .  . 

2 

H  . 

PO3 

28760 

Monochloracetic  „     .       .   '  . 

2 

H  . 

C.,H„C10., 

28540 

Phosi^horous       ,,  • 

H„. 

PH63 

28450 

Oxalic                ,,      .       .  . 

H^ 

C.,0, 

28280 

Perchloric           „     .       .  . 

2 

H  . 

ClO^ 

28160 

Trichloracetic  ,, 

2 

H  . 

C.Cl^O, 

27840 

Iodic                  „     .       .  . 

2 

H 

JO, 

27620 

Bromic               „      .       .  . 

2 

H  . 

BrO, 

27560 

Chloric               ))  • 

2 

H 

CIO3 

27520 

Hydrobromic       „  • 

2 

H 

Br 

27500 

Hydrochloric       „     .       .  . 

2 

H  . 

CI 

27480 

Hydriodic           „     .       .  . 

2 

H 

J 

27360 

Nitric                 „     .       .  . 

2 

H 

NO3 

27360 

Chloroplatinic     ,,      .       .  . 

H, 

PtCle 

27220 

Thermochcmischa  Untersuchungc7i,  i.  294,  422. 
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Heat  of  Neutralisation  of  Acids— continued. 


Dithionio  acid 
Selenious  „ 
Propionic  „ 
Ethyl  sulphuric  „ 
Formic  „ 
Acetic  „ 
Hydrofluosilicic  „ 
Periodic  „ 
Malic  „ 
Tartaric  „ 
Chromic  „ 
Succinic  ,, 
Carbonic  „ 
Boric  „ 
Arsenious  „ 
Hypochlorous  „ 
Stannic  „ 
Sulphuretted  hydrogen 
Silicic  acid  . 
Hydrocyanic  acid 


H. 

S,0, 

27070  c. 

Hi 

SeO, 

27020 

2 

h' 

C,H,0., 

26960 

2 

H  . 

CH.SO, 

26920 

2 

H  . 

CHd. 

26900 

2 

H  . 

C.,H,02 

26800 

H.,. 

siF,; 

26620 

H.". 

JH,0,. 

26590 

h;. 

C,H,,0, 

26170 

H.,. 

C4H.O, 

25310 

H.,. 

CrO, 

24720 

H,. 

C.,H,0,, 

24160 

H,'. 

CO3 

20180 

B.,0., 

20010 

h;. 

As.,0, 

13780 

2 

H  . 

CI6 

9980 

H,. 

SnOj 

9570 

2 

H  . 

SH 

7740 

H.,. 

SiOj 

5230 

2 

H'. 

CN 

2770 

Considering  the  usual  behaviour  of  the  above  acids,  no 
impartial  observer  would  regard  their  arrangement  in  the 
above  table  as  expressing  correctly  the  strength  of  their 
afSnities  to  bases.  Although  the  substances  grouped  together 
at  the  end  of  the  table  undoubtedly  belong  to  the  weakest 
acids,  still,  those  associated  together  at  the  commencement 
are  by  no  means  the  strongest  acids.  The  strongest  acids 
at  ordinary  temperatures,  viz.  hydrochloric  and  nitric  acids, 
are  in  fact  to  be  found  in  the  middle  of  the  series  following 
a  number  of  the  weaker  acids,  which,  as  will  be  more  fully 
shown  further  on,  can  easily  be  expelled  from  their  salts  by 
these  acids. 

If  the  amount  of  calorific  effect  must  be  taken  as  a  sign  of 
stronger  affinity,  then  we  must  necessarily  conclude  that  the 
neutralising  of  acids  by  bases,  the  formation  of  salts  in 
aqueous  solutions,  is  in  no  way  due  to  the  action  of  chemical 
affinity.  This  strange  conclusion  can  only  be  avoided  by 
denying  the  dogma  of  the  ratio  between  affinity  and  calorific 
effect,  and  by  refusing  to  recognise  the  truth  of  the  conception 
that  there  is  a  distinct  difference  between  chemical  changes 
accompanied  by  positive  and  those  associated  with  negative 
calorific  effects.  This  distinction  would,  in  fact,  frequently 
lead  to  separating  substances  nearly  allied  to  one  another,  for 
numerous  observations  have  shown  that  even  with  phenomena 
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distinctly  analogous  in  character,  in  some  cases  heat  is  pro- 
duced and  in  others  cold.  This  has  been  shown  by  Thomsen 
in  his  measurements  of  the  calorific  effects  produced  by  the 
decomposition  of  different  salts  by  nitric  or  hydrochloric 
acids.  Thus,  while  hydrochloric  acid  decomposes  chromates, 
carbonates,  fluosilicates,  tartrates  with  a  production  of  heat, 
under  exactly  similar  conditions  its  decomposition  of  sul- 
phates, sulphites,  fluorides,  and  oxalates  is  associated  with  a 
considerable  production  of  cold. 

§  231.  Similarly,  an  entirely  unbiassed  criticism  of  many 
other  numerous  observations  shows  that  although  frequently, 
yet  not  invariably  does  it  happen  that  the  tendency  to  the 
formation  of  the  combination  of  atoms  producing  the  greatest 
amount  of  heat  obtains,  and  that  even  when  a  change  does 
take  place,  it  does  not  of  necessity  follow  that  it  is  the  one 
corresponding  to  that  of  the  so-called  maximum  work.  Sub- 
stances can  be  brought  into  intimate  contact  with  oxygen  and 
kept  with  it  for  any  length  of  time  without  any  change  taking 
place.  Oxygen  and  hydrogen  may  be  kept  together  any  length 
of  time,  at  ordinary  temperatures,  without  forming  water; 
free  hydrogen  and  chlorine  also,  if  kept  entkely  in  the  dark ; 
iodine  and  sulphur  may  be  separately  distilled  off  from  zinc 
unchanged,  and  even  sodium  retains  its  lustre  in  perfectly  dry 
chlorme,  despite  the  fact  that  by  the  union  of  these  different 
substances,  considerable  amounts  of  heat  are  produced. 
Even  when  several  substances  are  brought  together  under, 
such  conditions  that  combination  may  take  place,  frequently, 
but  not  invariably,  is  that  compound  produced,  the  formation 
of  which  is  associated  with  the  greatest  heat  formation.  For 
instance,  hydrogen  and  oxygen  may  be  mixed  with  chlorine 
in  any  given  proportion  and  the  mixture  exposed  to  the  action 
of  light,  hydrochloric  acid  alone  is  formed,  and  not  a  trace  of 
water,  although  the  production  of  the  latter  would  produce  an 
amount  of  heat  greater  by  half  than  that  produced  by  the 
union  of  hydrogen  and  chlorine.   This  is  not  strange,  because 
chlorine  alone  and  not  oxygen  is  able  to  combine  with  hydro- 
gen under  the  influence  of  light.    The  electric  spark  can, 
however,  cause  hydrogen  to  combine  with  oxygen  as  well  as 
chlorme.    If  an  electric  spark  be  passed  through  a  mixtui-e  of 
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all  three  gases,  the  production  of  water  is  entirely  dependent 
upon  the  quantity  of  chlorine.  If  the  chlorine  present  is  in 
sufficient  quantity  to  combine  with  the  whole  of  the  hydro- 
gen, then  no  trace  of  water  is  produced.  Under  similar  con- 
ditions oxygen  will  unite  with  the  whole  of  the  hydrogen,  in 
fact,  a  portion  of  the  latter  will  combine  with  the  oxygen, 
pro\dded  that  the  amount  of  chlorine  present  is  not  sufficient  for 
the  whole  of  the  hydrogen  in  the  mixture.  Water  is  likewise 
produced  when  a  jet  of  burning  hydrogen  is  brought  into  a 
mixture  of  chlorine  and  oxygen ;  this  arises  from  the  fact 
that  in  the  interior  of  the  flame  there  is  more  hydrogen  than 
the  chlorine  reaching  it  can  unite  with.  Chlorine,  as  is  well 
known,  decomposes  water  in  sunlight ;  oxygen,  on  the  other 
hand,  requires  the  aid  of  heat  to  decompose  hydrochloric 
acid.  In  Deacon's  process  this  latter  decomposition,  aided  as 
it  is  by  the  action  of  copper  sulphate,  is  never  a  complete  one, 
despite  the  fact  that  it  is  associated  with  a  development  of  heat. 

Under  these  circumstances  it  is  desirable  that  it  should  be 
determined  by  experimental  investigation,  under  what  con- 
ditions is  the  satisfying  of  stronger  affinities  accompanied  by 
positive  calorific  effects,  and  when  by  negative  calorific  effects. 
Then  only  will  it  be  possible  to  discover  the  laws  which  un- 
doubtedly exist,  and  are  still  practically  unknown,  controlling 
the  relation  between  affinity,  volume,  and  calorific  effect. 

§  232.  Observations  prove  that  changes  associated  with 
positive  calorific  effects  occur  more  frequently  than  those 
accompanied  by  negative  ones ;  still  the  relation  of  the  two 
in  various  kinds  of  processes  is  a  very  different  one.  A  large 
class  of  decompositions  are  known  in  which  the  negative 
calorific  effects  have  been  seldom  or  never  observed,  whilst  in 
other  instances  such  changes  occur  more  frequently  and  in 
some  cases  they  are  as  numerous  as  those  cases  associated 
with  positive  calorific  effects. 

As  J.  Thomsen '  pointed  out  in  1854,  although  the  data 
obtained  at  that  time  were  still  very  incomplete,  yet  they 
sufficed  to  show  that  the  power  of  a  metal  to  decompose  water 
in  either  the  gaseous  or  Hquid  state  depended  chiefly  upon 
the  heat  produced  in  its  oxidation,  and  in  such  a  manner 

'  Pogg.  Arm,  1854,  xcii.  36. 
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that  only  those  metals  decompose  water  which  produce  on 
oxidation  an  amount  of  heat  greater  than  the  heat  of  com- 
bustion of  hydrogen,  whilst  those  metals  are  unable  to  decom- 
pose water,  the  heat  of  oxidation  of  which  is  less  than  that  of 
hydrogen. 

The  same  law  applies  also  to  the  expulsion  of  hydrogen  by 
metals  from  other  compounds,  more  especially  acids,^  which 
likewise  takes  place  only  when  this  decomposition  gives  rise  to 
a  positive  calorific  effect. 

The  precipitation  of  a  metal  from  solutions  of  its  salts  by 
another  metal  usually  takes  place  in  such  a  manner  that  the 
metal  which  on  solution  produces^the  smaller  positive  calorific 
effect,  is  expelled  from  its  compound  by  that  metal  which  by 
its  solution  produces  the  larger  positive  calorific  effect.  Still 
exceptions  to  this  rule  have  been  observed.^ 

Substitution  of  other  elements,  replacement  of  one  element 
by  another,  is,  as  a  rule,  associated  with  a  positive  calorific 
effect ;  an  instance  of  which  we  have  in  the  exchange  of  one 
halogen  element  for  another.  The  combination  of  chlorine 
with  metals  and  other  electro-positive  elements  produces  more 
heat  than  that  produced  by  bromine,  and  this  again  than 
iodine ;  and  in  complete  agreement  with  these  facts,  chlorine 
expels  both  of  these  elements  from  their  compounds  with 
electro-positive  elements,  and  bromine  iodine  from  its  com- 
pounds. On  the  other  hand,  chlorine  is  expelled  by  iodine 
from  its  compounds  with  oxygen,  a  decomposition  also  attended 
by  production  of  heat. 

Similar  statements  can  be  made  with  respect  to  other 
elements,  and  hence  the  course  of  several  groups  of  chemical 
changes  can  be  predicted  from  the  knowledge  of  the  thermo- 
chemical  behaviour  of  the  elements  and  compounds  in  question, 
and,  on  the  other  hand,  the  course  of  a  given  decomposition 
indicates  with  some  degree  of  certainty  that  the  affinities 
thereby  '  neutralised  '  produce  a  larger  positive  calorific  effect 
than  those  opposing  this  change. 

§  233.  This  is  by  no  means  the  general  rule,  for  there  are 
large  groups  of  chemical  changes  known,  some  of  which, 
although  entirely  analogous,  result  in  a  positive  calorific  effect, 

'  Fogg.  Ann.  1854,  xcii.  43,  §  39.       *  F.  Braun,  Wied.  Ann.  1882,  xvii.  639. 
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whilst  others  give  rise  to  negative  effects.  To  these  belong, 
for  instance,  the  phenomena  mentioned  in  §  230,  viz.  the  ex- 
pulsion of  one  acid  from  its  compounds  by  another. 

Not  only  can  one  and  the  same  acid,  for  example,  nitric  or 
hydrochloric  acid,  expel  certain  acids  from  their  salts  with  a 
positive  calorific  effect  and  others  with  a  negative  ;  but  start- 
ing with  two  acids  and  a  base  we  can  prepare  a  combination 
which  will  produce  heat,  or  a  combination  which  would  pro- 
duce cold.  Suppose  the  base  be  neutralised  with  sulphuric 
acid,  the  solution  allowed  to  cool  and  when  cold  treated  with 
hydrochloric  acid,  then  by  its  action  a  negative  calorific  effect 
is  produced;  if  the  operations  be  reversed,  then  by  the 
action  of  sulphuric  acid  upon  the  chloride  a  positive  calorific 
effect  is  obtained.  In  the  following  sections  it  will  be  shown 
that  the  final  result  in  the  two  cases  is  the  same.  One  and 
the  same  state  is,  therefore,  arrived  at  whilst  in  one  case  a 
positive  calorific  effect,  in  the  other  a  negative  result  is  ob- 
tained. 

Sulphuric  acid  has  a  greater  heat  of  neutralisation  than 
hydrochloric  acid,  still  the  latter  can  expel  the  former  from 
its  salts,  the  completeness  of  the  decomposition  being  depen- 
dent upon  the  relative  amounts  of  the  two  acids  and  on 
external  conditions.  Gaseous  hydrochloric  acid  or  its  concen- 
trated solution  decomposes  sodium  sulphate  with  such  a  pro- 
duction of  cold  ^  that  this  mixture  is  largely  used  as  a  freezing 
mixtm-e.  The  production  of  cold  depends  in  fact  to  a  great 
extent  upon  the  heat  of  neutralisation  of  hydrochloric  acid 
being  much  smaller  than  that  of  sulphuric  acid,  and  that  the 
former  becomes  free,  whilst  the  latter  remains  latent. 

These  and  many  other  examples,  as  has  been  already 
mentioned  in  §  223,  show  that  from  a  knowledge  of  the  heat 
of  neutralisation  of  the  different  acids,  no  reliable  conclusions 
can  be  arrived  at  as  to  the  ability  of  these  acids  to  expel  one 
another  from  their  compounds,  such  as  can  be  drawn  in  the 
case  of  the  metals. 

Decompositions  accompanied  by  negative  calorific  effects 
are  more  frequent  at  high  than  at  low  temperatures.  This 
fact  is  usually  expressed  by  saying  that  the  heat  represents 

'  C.  Hcnsgen,  Bar.  d.  cleut.  chcm.  Ocs.  1876,  ix.  1671 ;  1877,  x.  259. 
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the  work  necessary  for  the  decomposition  of  the  compound, 
or  yields  the  kinetic  energy  required,  which  in  the  decomposi- 
tion is  converted  into  potential  energy.  A  fundamental  dif- 
ference between  decompositions  requiring  a  red  heat  and 
associated  with  a  negative  calorific  effect  and  those  taking 
place  at  the  ordinary  temperature,  does  not  exist ;  for  in  both 
cases  the  particles  of  the  materials  possess  kinetic  energy,  a 
part  of  which  with  the  lowering  of  the  temperature  is  utilised 
in  bringing  about  the  decomposition.  It  is,  therefore,  at  least 
inconsistent  to  regard  decompositions  of  this  kind  taking  place 
at  high  temperatures  in  a  light  different  from  quite  analogous 
decompositions  taking  place  at  a  lower  temperatm-e,  and  in 
fact  to  consider  the  former  as  abnormal  and  to  try  by  various 
artifices  to  explain  them  away.  The  fact  to  be  recognised  is 
that  chemical  changes  requiring  for  their  completion  the  aid 
of  heat  can  take  place  under  various  conditions,  and  that  such 
changes  do  take  place  more  frequently  and  the  more  easUy 
the  more  heat  there  is  to  be  disposed  of,  consequently  at 
higher  temperatures,  but  that  such  changes  do  not  take  place 
exclusively  at  high  temperatures. 

§  234.  Decompositions,  associated  with  negative  calorific 
effects,  take  place  usually  very  easily  in  association  with 
others  producing  heat,  so  that  in  the  total  effect  more  heat  is 
produced  than  is  used. 

Whilst  the  expulsion  of  iodine  from  silver  iodide  by  chlorine 
is  entirely  in  accord  with  the  greater  amomit  of  heat  pro- 
duced by  chlorine  in  combining  with  the  metals,  still  silver 
chloride  is  converted  into  silver  iodide  by  hydriodic  acid, 
thus — 

AgCl  +  HI  =  Agl  +  HCl. 

The  heat  of  formation  of  silver  chloride  is  greater  than  that 
of  silver  iodide,  yet  that  of  hydrochloric  acid  is  greater  than 
that  of  hydriodic  acid,  so  that  the  total  heat  produced  in  the 
formation  of  silver  iodide  and  hydrochloric  acid  is  greater 
than  that  liberated  in  forming  silver  chloride  and  hydriodic 
acid,  thus — 

(Ag,I)  +  (H,  CI)  >  (Ag,  CI)  +  (H,I). 
In  this  case  the  greater  calorific  effect  corresponds  to  the 
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stronger  affinity,  when  it  is  recognised  that  the  affinity  of 
iodine  for  silver,  supported  by  that  of  chlorine  for  hydrogen, 
overcomes  the  stronger  affinity  of  chlorine  for  silver,  together 
with  that  of  iodine  for  hydrogen — 


AgCl  _  Ag 


CI 


Comparing  this  with  the  conversion  of  silver  iodide  into  silver 
chloride  by  the  following  reactions, 

Agl  +  ClCl  =  AgCl  +  ClI 

or 

2AgI  +  ClCl  =  2AgCl  +  II, 

then  it  is  easy  to  understand  that  between  the  two  cases  there 
is  no  contradiction,  inasmuch  as  the  affinity  of  chlorine  for 
itself  and  for  iodine  must  be  much  feebler  than  its  affinity  for 
hydrogen,  and  hence  not  only  may  we  have  the  above  in- 
equality, but  the  following  also  : — 

(Ag,Cl)  +  (I,  CI)  >  (Ag,  I)  +  (CI,  CI). 

Adding  both  these  together  and  removing  the  same  terms 
from  each  side  of  the  expressions,  we  obtain  the  following  : — 

(H,C1)  +  (I,C1)>(H,I)  +  (CI,  CI), 

of  the  truth  of  which  no  doubt  can  be  entertained. 

The  formation  of  the  different  oxides  and  oxyacids  of 
chlorine  from  chlorine  and  oxygen  would  result  in  a  negative 
calorific  effect.  They  cannot  be  so  prepared,  but  may  be 
obtained  by  reactions  accompanied  by  the  formation  of 
metalhc  chlorides,  which  are  produced  with  considerable 
evolution  of  heat,  as  when  chlorine  reacts  on  the  hydroxides  of 
alkali-metals : — 

KOH  +  ClCl  =  ClOH  -f-  KCl 
KOH  +  ClOH  =  ClOK  +  HOH, 

or  we  may  have  the  foUowmg  taking  place  simultaneously : — 


CI 
CI 


KOH  KCl 


KOH  ClOK 


OH 
H" 


Decompositions  of  this  character,  in  which  a  negative  calorific 
effect  is  completely  overcome  by  a  greater  positive  one,  and  in 


444 


MODERN  THEOEIES  OF  CHEMISTRY 


this  way  an  interchange  of  the  atoms  which  otherwise  would 
be  impossible  is  brought  about,  are  indeed  numerous,  and  are 
frequently  utilised  as  means  to  prepare  compounds  which 
cannot,  or  can  only  with  difficulty,  be  obtained  in  other  ways. 
The  text-books  of  chemistry  abound  with  examples  of  this 
kind,  so  that  those  given  above  will  suffice. 

§  235.  Whilst  in  these  decompositions  one  change  deter- 
mines the  other  in  such  a  manner  that  neither  is  possible 
alone,  but  both  must  take  place  simultaneously,  another  series 
of  phenomena  have  been  brought  to  Hght,  in  which  the 
changes  taking  place  are  not  immediately  dependent  upon 
one  another,  and  are  not  produced  simultaneously,  but  take 
place  successively,  and  their  production  is  determmed  in  such 
a  manner  that  the  first  requiring  an  expenditure  of  work  does 
not  take  place  unless  the  conditions  are  such  as  to  allow  of 
the  second,  which  produces  heat  or  work,  taking  place.  Such 
a  case  we  have  in  that  investigated  by  Naumann,i  viz.,  the 
action  of  iodine  upon  hydrogen  sulphide.  When  these  sub- 
stances react  upon  one  another  ih  presence  of  a  large  quantity 
of  water  then  the  following  change  takes  place  : — 

H,S  +     =  2HI  -t-  S, 

which  under  these  conditions  is  accompanied  by  a  considerable 
evolution  of  heat.  According  to  J.  Thomsen  ^  it  is  expressed 
thus  :  — 

(H^S  :  I2  :  Aq)  =  28830'=^i, 

in  which  Aq  signifies  the  presence  of  a  considerable  amount 
of  water.  The  calorific  effect  is  composed  of  that  accompany- 
ing the  decomposition  of  hydrogen  sulphide  by  iodine,  and  of 
that  resultmg  from  the  solution  of  hydriodic  acid  m  water. 
It  may  be  expressed  thus  : — 

(HgS  :  I2  :  Aq)  =  (H28  :  I^)  +  (2HI .  Aq)  =  28830'='''. 

The  heat  of  solution  of  hydriodic  acid  has  been  found  to  be — 

(2HI,  Aq)  =  2  X  19207  =  38414^ 

'  Liebig's  Ann.  1869,  cli.  145. 

-  Thomsen  used  a  solution  of  iodine  in  dilute  hydriodic  acid,  which  does 
not  influence  the  result,  inasmuch  as  this  dissolution  takes  place  without  pro- 
ducing heat.  Naumann  formerly  used  the  less  reliable  results  of  Fawe  and 
Silbermann. 
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hence  it  follows — 

(H^S  :  I2)  =  (H„S  :  I^Aq)  — (2HI,  Aq) 

=  28830-=— 38414°  =  —16534°, 

that  is  to  say,  the  decomposition  of  hydrogen  sulphide  by 
iodine  can  only,  in  the  absence  of  water,  be  effected  by  the 
application  of  heat. 

Naumann's  attempts  to  effect  this  decomposition  without 
water  were  fruitless.  He  has  found  that  a  solution  of  iodine 
in  carbon  bisulphide  is  not  acted  upon  by  hydrogen  sulphide, 
nor  is  hydriodic  acid  formed  when  dry  hydrogen  sulphide  is 
brought  into  contact  with  iodine  in  the  solid  or  gaseous  state. 
Naumann^  concludes  that  the  explanation  of  the  fact  that 
iodine  and  hydrogen  sulphide  react  upon  one  another  only  in 
presence  of  water,  is  to  be  found  in  the  fact  that  the  presence 
of  water  is  associated  with  a  further  change  accompanied  by  a 
liberation  of  heat,  so  that  the  total  calorific  effect,  which  is 
made  up  of  in  part  negative  and  in  part  positive  effects,  is  a 
positive  one,  and  the  final  result  is  a  liberation  of  heat.  In 
support  of  this  view,  Naumann  cites  the  fact,  known  for  some 
time,  and  confirmed  by  his  own  observation,  that  a  very 
concentrated  solution  of  hydriodic  acid  is  decomposed  by 
sulphur  with  a  production  of  hydrogen  sulphide.  Naumann 
has  also  observed  that  this  reversal  of  the  reaction  commences 
at  that  point  when  the  concentration  of  the  hydriodic  acid  is 
such  that  its  heat  of  solution,  which  decreases  as  the  mass  of 
hydriodic  acid  absorbed  decreases,  is  approximately  sufficient 
to  neutralise  the  negative  calorific  effect  attending  the  de- 
composition of  hydrogen  sulphide  by  iodine. 

But  to  this,  at  the  first  sight,  clear  explanation  is  opposed 
a  very  considerable  difficulty,  inasmuch  as  it  goes  back  to 
the  obsolete  idea  of  predisposing  affinity.  Hydriodic  acid  is 
formed,  because  when  once  produced  it  may  find  opportunity 
to  equalise  the  expenditure  of  work  on  heat  which  has  been 
requu-ed  for  its  production  ;  just  as  formerly  it  was  thought 
necessary  to  suppose  that  zinc  expelled  hydrogen  from  acidified 
water,  because  its  oxide  so  produced  had  in  view  its  union 
with  the  acid  to  form  a  salt.    The  acceptance  of  such  actions 

'  Liebig's  Annalcn,  clL  151. 
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on  the  part  of  non-existing  substances  does  not  now  appear 
requisite,  and  consequently  this  explanation  of  the  formation 
of  hydriodic  acid  will  require  to  be  reconsidered.  It  is  possible 
that  the  influence  of  water  in  commencing  the  decomposition 
of  sulphuretted  hydrogen  by  iodine  is  to  be  found  in  the 
absorption  of  this  gas  by  water,  which,  accompanied  as  it  is 
by  a  not  iiiconsiderable  development  of  heat,  may  produce 
such  changes  in  its  disgregation  as  to  make  it  more  able  to 
take  part  in  chemical  changes,  just  as  aqueous  hydrochloric 
acid  can  effect  changes  which  the  liquid  anhydrous  acid  can- 
not produce.  An  unstable  compound  with  water  might 
produce  changes  of  this  character. 

But  the  phenomenon  may  be  easily  explained  without 
resort  to  this  hypothesis.  The  reaction  has  been  shown  to  be 
reversible;  in  presence  of  excess  of  water  and  but  Httle 
hydriodic  acid  the  following  takes  place  : — 

SH2  +  I2  =  2HI  +  S  ; 

but  when  there  is  little  or  no  water  present  the  action  is  as 
follows  : — 

2HI  +  S  =  H^S  +  I,. 

In  the  absence  of  water  hydriodic  acid  and  sulphur  cannot 
exist  side  by  side ;  a  particle  once  formed  is  immediately 
decomposed  again.  If  water  is  present  then  it  will  unite  with 
the  hydriodic  acid,  forming  a  compound  or  solution  which  can 
resist  the  action  of  sulphur.  The  action  will  not  be  reversed 
until  the  amount  of  hydriodic  acid  formed  is  greater  than 
that  with  which  the  water  can  combine.  This  explanation  of 
the  decomposition  may  perhaps  differ  but  sHghtly  from  the 
other  ;  but  it  has  the  advantage  that  it  rests  upon  the  single 
phases  forming  the  decomposition,  and  that  it  does  not 
necessitate  our  assigning  as  cause  for  a  given  phenomenon 
the  result  of  a  subsequent  action. 

§  236.  This  case  which  Naumann  has  investigated  is  one 
of  special  import,  but  by  no  means  the  only  one  of  its  kind. 
There  are  many  chemical  decompositions  which  may  be 
entirely  reversed,  showing  that  Berthelot's  doctrine  is  not  one 
of  general  application,  for  if  the  given  change 

AB  +  CD  =  AC  +  BD 
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be  associated  with  a  positive  calorific  effect,  then  the  reverse 

AC  +  BD  =  AB  +  CD 

must,  when  dissociated  from  all  accompanying  changes,  be 
one  which  will  produce  a  negative  calorific  effect.  This  is,  ui 
fact,  borne  out  by  numerous  observations,  some  of  which  will 
be  discussed  in  the  subsequent  sections  of  this  work.  It  is 
clear  that  reactions  of  the  second  form  will  require  heat  or 
kinetic  energy ;  but  it  cannot  be  maintained  that  this  is 
invariably  the  cause  of  the  reversal.  Very  frequently  both 
changes  take  place  side  by  side  under  similar  external 
conditions,  such  as  temperature,  &c.  ;  and  in  other  cases  a 
positive  or  negative  calorific  effect  can  be  obtained  at  will  by 
varying  the  proportions  of  the  reactuig  substances. 

Whilst  the  doctrhae  of  '  maximum  work '  cannot  lay  claim 
to  be  of  service  m  case  of  those  reactions  which  are  reversible, 
still  it  is  possible  it  may  find  application  in  the  case  of  those 
reactions  which  cannot  be  reversed.  Hence  it  is  highly  im- 
portant that  all  chemical  changes  should  be  so  studied  as  to 
determme  whether  or  no  they  can  be  reversed,  and  whether 
any  real  and  substantial  difference  is  to  be  found  between 
such  as  are  reversible  and  those  which  cannot  be  reversed. 
That  reactions  of  both  kinds  do  so  occur  cannot  be  denied, 
but  a  complete  separation  of  the  two  is  impossible  in  the 
present  state  of  our  knowledge,  and  may  perhaps  never  be 
completely  mamtained,  inasmuch  as  instances  will  be  dis- 
covered of  reactions  standing  midway  between  the  two  extreme 
cases. 

The  causes  of  the  reversal  are  in  part  such  as  produce 
chemical  changes  in  general,  the  causes  mentioned  m  §  194, 
more  especially  heat,  light,  and  electricity,  to  which  must  be 
added  as  a  very  important  factor  that  to  which  Berthollet  was 
the  first  to  draw  attention,  viz.,  *  the  influence  of  mass,'  which 
will  form  the  subject  of  the  next  part  of  this  work.  This 
powerful  influence  in  chemical  changes  has  for  many  years 
been  overlooked,  and  its  importance  unappreciated,  but 
latterly  recent  investigations  have  again  brought  it  to  the 
fore.  A  thorough  investigation  of  the  influence  of  mass  will 
be  of  the  .greatest  importance  in  leading  to  a  knowledge  of 


I 


448 


MODERN  THEORIES  OP  CHEMISTRY 


chemical  phenomena,  inasmuch  as  it  will  yield  the  foundation 
of  a  kinetic  theory  of  affinity,  which  may  replace,  or  at  any 
rate  limit,  the  older  statical  theory. 

It  is  at  present  an  open  question,  to  which  no  definite 
reply  can  be  made,  as  to  whether  the  preseni  representation 
of  affinity,  as  a  force  of  attraction  acting  on  material  particles 
at  extremely  small  distances,  the  conversion  of  the  potential 
energy  of  which  mto  kinetic  energy  produces  heat  of  combina- 
tion, would  find  a  place  in  a  fully  developed  kinetic  theory.  In 
the  author's  opinion  it  will  in  all  probability  be  found  impos- 
sible to  embrace  this  view  of  affinity  in  such  a  kinetic  theory. 

This  same  question  is  most  closely  connected  with  the 
broader  issue  which  has  frequently  been  disputed,  as  to 
whether  in  nature  such  attraction  and  action  at  a  distance 
exists  at  all,  or  whether  all  phenomena  apparently  resulting 
from  such  action  may  not  have  been  produced  by  pressure  and 
impact,  and  therefore  be  dependent  on  forms  of  kmetic  and 
not  potential  energy.  It  is  not  necessary  for  the  further  ad- 
vance of  chemistry  that  this  question  should  be  decided  at  the 
present,  for  the  laws  ruling  the  cause  of  chemical  phenomena, 
which  we  at  present  style  affinity,  may  be  investigated 
without  a  thorough  knowledge  of  its  nature.  But  in  order 
that  the  disturbing  influences  of  preconceived  ideas  may  be 
avoided,  it  is  indisj)ensable  that  it  should  be  steadily  borne  in 
mmd  that  the  generally  accepted  representation  of  the  changes 
of  potential  into  kinetic  energy,  and  vice  versa,  are  in  all 
probability  pure  fictions,  and  that  in  all  likelihood  the  changes 
so  represented  are  changes  of  one  form  of  kinetic  energy  into 
another.  Should  the  explanation  of  chemical  calorific  effects 
undergo  change  in  the  future,  then  not  only  will  reliable 
determinations  of  the  same  be  of  value  to  the  new  theory, 
but  will  receive  a  far  higher  position  than  can  be  assigned  to 
them  in  accordance  with  the  views  which  obtain  in  the  theory 
of  chemistry  at  the  present  time. 
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INFLUENCE  OF  MASS  ON  CHEMICAL  ACTION. 

§  237.  Just  as  chemical  changes  are  influenced  by  heat, 
in  other  words  by  the  intensity  of  the  motion  of  the  atoms 
and  molecules  taking  part  in  them,  so  also  are  they  affected 
by  their  number,  that  is  to  say,  by  the  mass.  In  many  cases 
a  diminution  of  the  mass  of  the  substances  taking  part  in  a 
chemical  change  has  an  effect  similar  to  that  produced  by  a  rise 
in  temperature ;  and  again,  an  increase  of  the  mass  will  often 
suffice  to  equalise  the  effect  produced  by  a  rise  in  temperature, 
and  to  stay  its  action. 

This  co-relation  between  mass  and  heat  is  seen  most  clearly 
in  the  simplest  effect  of  heat,  viz.  dissociation,  in  which  the 
accumulation  of  products  of  dissociation  hinders  the  dissocia- 
tion just  as  a  lowering  of  temperature  would.  This  fact  may 
be  explained  by  supposmg  the  state  of  incomplete  dissociation 
to  consist  of  a  continual  decomposition  and  simultaneous  re- 
production of  the  compound  capable  of  being  dissociated,  and 
this  latter  phenomenon  will  happen  the  more  frequently  when 
the  amount  of  the  material  present,  necessary  for  its  forma- 
tion, is  great.  The  observations  hitherto  made  as  to  the 
influence  of  mass  upon  the  dissociation  of  the  greatest  variety 
of  substances,  solid,  liquid  and  gaseous,  are  quite  in  accord 
with  this  view. 

When  the  molecules  of  a  gas  or  vapour  dissociate  into 
smaller  molecules,  as  is  the  case  with  nitric  peroxide,  then  the 
re-union  of  the  smaller  molecules  will  take  place  the  more 
frequently  these  particles  meet  one  another,  in  other  words 
the  more  dense  the  gas  or  the  narrower  the  limits  of  space 
occupied  by  a  given  quantity  of  the  gas.  Since  the  density 
increases  with  the  pressure,  it  follows  therefore  that  the  dis- 
sociation must  diminish  as  the  pressure  due  to  the  products 
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of  this  decomposition  increases.  The  observations  of  Deville 
and  Troost,  as  also  those  of  Alex.  Naumann,^  show  that  in  the 
case  of  nitric  peroxide  the  same  degree  of  dissociation  can  be 
attained  by  reduction  of  pressm:e  as  that  produced  by  rise  of 
temperature,  as  will  be  seen  from  the  following  table. 


Difference 

Temperature 
I 

Pressure  ° 
V 

Degree  of 
decomposition 

A  p 

a7 

of  temperature 
t 

of  pressure 

26°7 
16-0 

0™756 
0-229 

20-0 
200 

10-7 

0-527 

49 

35-4 
16-8 

0-756 
0-172 

25-  7 

26-  2 

18-6 

0-584 

31 

39-8 
20-8 

0-756 
0-154 

29-2 
29-3 

19-0 

0-602 

31 

18-5 

0-136 

29-8 

49-6 
22-5 

0-756 
0-101 

40-0 
39-0 

27-1 

0-C55 

24 

These  numbers  also  demonstrate  that  the  influence  of 
pressure  increases  as  the  temperature  rises. 

§  238.  Numerous  cases  have  been  observed  in  which  the 
dissociation  of  solid  and  liquid  substances  has  been  found  to 
be  mfluenced  by  the  pressure  due  to  the  gaseous  products  of 
the  dissociation.  For  each  temperature  there  is  a  maximum 
of  pressure,  which,  when  the  substance  undergoing  dissocia- 
tion or  one  of  the  products  is  a  sohd,  is  frequently  only  reached 
very  gradually,  because  the  decomposition  and  also  the  re- 
combination require  time,  whilst  the  simple  vaporisation  and 
condensation  of  non-decomposible  substances  usually  take 
place  immediately.  On  the  other  hand,  in  the  case  of  Hquids 
losing  gaseous  constituents,  the  maximum  of  tension  is  very 
rapidly  attained,  and  in  such  cases  also  the  re- combination 
takes  place  almost  as  rapidly  as  is  the  case  with  non-dissociated 
vapours.  Despite  this  characteristic  of  the  solid  state,  which 
interferes  in  no  small  degree  with  an  exact  study  of  the  phe- 
nomena, there  can  still  be  no  reasonable  doubt  as  to  then- 
general  character. 

In  the  case  of  solids,  such  dissociations  taking  place  until 
a  constant  pressure  due  to  the  products  of  decomposition  has 

'  Naumann,  Thermochemie,  1882,  p.  130. 

2  The  absolute  values  of  the  pressure  are  not  exact,  but  the  differences  are 
reliable. 
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been  reached,  have  been  observed ;  for  example,  in  the  case 
of  the  ammonium  salts,  notably  the  slow  re-production  in  the 
case  of  the  carbamate,  in  the  case  of  the  compounds  of  many 
salts  and  other  substances  with  water,  and  with  ammonia, 
also  in  the  case  of  acid  and  normal  carbonates,  in  the  higher 
chlorides  of  many  elements,  in  the  oxides  of  the  noble  metals 
and  other  solids.  In  the  dissociation  of  liquids,  aqueous  solu- 
tions have  been  studied,  more  especially  those  in  which  the 
pressures  of  aqueous  vapour  are  less  than  those  of  pure  water, 
as  is  the  case  when  the  body  dissolved  is  capable  of  forming 
a  compound  with  the  solvent  which  can  be  dissociated. 

When  a  compound  capable  of  being  dissociated  is  brought 
into  an  atmosphere  of  an  indifferent  gas,  dissociation  pro- 
ceeds, more  slowly  than  m  vacuo,  but  attains  the  same,  or 
very  nearly  the  same  point,  so  that  the  pressure  due  to  the 
dissociation  is  added  to  the  pressure  of  the  indifferent  gas.  If, 
on  the  other  hand,  the  substance  is  brought  mto  an  atmo- 
sphere of  one  of  the  products  formed  by  its  dissociation, 
then  the  pressure  is  raised  by  only  a  fraction  of  that  of  its 
dissociation  in  vacuum.  This  is  probably  explained  by  the 
fact  that  a  portion  of  the  gas  constitutmg  the  atmosphere 
combmes  with  one  of  the  products  of  dissociation,  and  con- 
sequently accelerates  and  mcr eases  the  reproduction  of  the 
decomposmg  substance.  That  this  action  is  one  dependent 
upon  the  mass  and  not  the  quality  of  the  substance  composing 
the  atmosphere  is  shown  by  the  fact  that  when  equal  volumes 
of  the  products  of  dissociation  are  produced,  then  it  is  of  no 
importance  which  of  the  two  products  of  dissociation  con- 
stitutes the  atmosphere  surrounding  the  decomposing  com- 
pound.' Thus  the  tension  of  dissociation  of  ammonium 
chloride  is  reduced  to  the  same  extent  when  decomposed  in  an 
atmosphere  of  equal  volumes  of  either  hydrochloric  acid  gas 
or  ammonia.  If,  however,  the  products  of  dissociation  are 
formed  m  unequal  volumes,  then  an  excess  of  one  of  the  pro- 
ducts wiU  have  a  greater  effect  than  an  equal  excess  of  the, 
other.  Ammonium  carbamate  dissociates  into  ammonia  and 
carbon  dioxide,  thus : 

NH,COONH„  =  NH3  +  CO,.  +  NH3, 

'  A.  Horstmann,  Ber.  d.  deut.  chem.  Ges.  1876,  ix.  1025. 
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and  consequently  an  excess  of  ammonia  lessens  the  dissocia- 
tion to  a  greater  extent  than  an  equal  volume  of  carbon 
dioxide.  Since  every  two  molecules  of  NHg  require  one  mole- 
cule of  CO2  to  reproduce  ammonium  carbamate,  this  must 
evidently  take  place  more  rapidly  when  every  particle  of  CO^ 
produced  in  the  dissociation  is  surrounded  by  ammonia  than 
when  ammonia  is  surrounded  by  molecules  of  carbon  dioxide. 

§  239.  That  in  the  commoner  forms  of  chemical  change, 
consisting  of  the  double  decomposition  of  two  compounds,  the 
mass  of  one  of  these  exerts  considerable  influence,  is  a  fact 
that  has  been  recognised  from  an  early  period  in  applied 
chemistry.  C.  L.  Berthollet '  was  the  first  to  draw  attention 
to  the  influence  of  mass,  and  to  investigate  the  same  from  a 
theoretical  point  of  view.  Startmg  with  the  proposition  that 
every  action  of  a  substance  must  mcrease  with  the  amount  of 
the  active  mass,  he  deduced  laws  for  chemical  changes,  which 
he  found,  or  convinced  himself,  were  confirmed  by  many  re- 
sults of  actual  experiment.  The  law  that,  when  two  sub- 
stances having  an  affinity  for  a  third  react  simultaneously 
upon  this  substance,  their  action  is  not  dependent  alone  upon 
the  strength  of  their  affinities  but  upon  the  mass  of  each 
takmg  part  in  the  action,  forms  the  basis  of  his  theory.  Ber- 
thollet therefore  makes  chemical  action  proportional  to  mass 
and  to  affinity. 

Inasmuch  as  the  results  of  the  investigations  of  J.  B. 
Eichter,  which  formed  the  basis  of  stochiometry,  were  un- 
known to  Berthollet,  he,  in  company  with  many  of  his  pre- 
decessors, more  especially  Bergmann,  fell  into  the  pardon- 
able error  of  lookmg  upon  the  power  of  saturation  as  affinity, 
and  considered  that  the  affinity  might  be  measured  by  the 
amount  of  acid  required  to  neutrahse  a  given  quantity  of  a 
base,  and  the  smaller  the  amount  of  acid  the  greater  the 
affinity.  If  the  theories  adopted  at  the  present  time  be  en- 
tirely disregarded,  this  view  of  the  matter  appears  to  be  a 
very  obvious  one ;  but  when  considered  from  our  present 
standpoint,  it  is  at  once  evident  that  Berthollet,  unwittmgly, 


'  RecJiarches  sur  Us  lois  de  VAffmiU,  Paris,  an  IX,  reprinted  from  the 
dc  VInstitut ;  Essai  da  Statique  chimiqita,  Paris,  an  XI  (1803). 
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considered  stochiometry  alone,  and  left  affinity  quite  out  of 
the  question. 

His  measure  of  chemical  action  was  '  chemical  mass,'  that 
is  to  say,  the  product  of  the  mass  of  the  substance  into  the 
strength  of  its  affinity.  The  latter  he  took  as  equivalent  to 
the  power  of  saturation,  consequently  inversely  proportional 
to  the  equivalent  weight.  It  follows,  therefore,  that  his  che- 
mical mass  represents  nothing  more  than  the  quotient  ob- 
tained by  dividing  the  mass  by  the  equivalent  weight,  or,  in 
other  words,  the  number  of  equivalents  of  the  substance 
taking  part  in  the  change.  Accordingly  a  substance,  for  in- 
stance a  base,  reacting  simultaneously  upon  two  other  sub- 
stances having  an  affinity  for  it,  as,  for  instance,  two  acids, 
would  combine  with  each  of  these  in  proportion  to  their 
respective  equivalent  weights.  For  example,  an  equivalent  of 
soda,  added  to  a  mixture  containing  equivalent  quantities  of 
sulphuric  and  nitric  acids,  would  neutralise  the  half  of  each 
of  these  acids.  If,  on  the  other  hand,  two  equivalents  of  sul- 
phuric acid  and  one  equivalent  of  nitric  acid  react  upon  one 
equivalent  of  a  base,  then  two-thirds  of  the  equivalent  of  sul- 
phuric, and  only  one-third  of  the  equivalent  of  nitric  acid 
will  be  neutrahsed,  and  consequently  one-third  of  the  equiva- 
lent of  sulphuric,  and  two-thirds  of  the  equivalent  of  nitric 
acid,  will  remain  unaltered.  Berthollet  pointed  out  at  the 
same  time  that  the  application  of  this  law  is  frequently  inter- 
fered with  by  the  insolubility  or  volatility  of  the  compounds 
produced  in  such  chemical  changes ;  he  could  not,  however, 
with  the  limited  knowledge  of  his  time,  recognise  what  at 
once  occurs  to  us,  that  this  law  presupposes  that  the  affinities 
of  the  equivalent  weights  of  all  acids  are  equal  to  one  another, 
and  consequently  the  true  interpretation  of  the  facts  can  only 
be  attained  by  consideration  of  the  differences  of  the  affinities. 
But  that  this  law  required  only  slight  alterations  to  become  a 
complete  and  exact  interpretation  of  facts  speaks  very  highly 
for  Berthollet's  penetration. 

This  correction  would  probably  have  followed  very  quickly 
had  not  Berthollet,  by  what  we  at  the  present  time  know  to 
be  an  incorrect  deduction  from  his  theoretical  standpoint, 
placed  himself  in  opposition  to  the  laws  of  stochiometry,  and 
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Dalton's  atomic  theory.  He  supposed  that,  when  two  bodies 
react  upon  one  another,  the  result  must  be  proportional  to 
the  masses  taking  part  in  the  action,  so  that  the  comj)ound 
formed  will  contain  a  larger  amount  of  the  substance  present 
in  the  greater  proportion.  The  discussion  which  arose  out  of 
this  erroneous  view  had  the  effect  of  divertmg  the  attention  of 
chemists  to  other  theories.  Whilst  his  laws  as  to  the  influence 
of  solubility,  volatility,  &c.,  have  always  received  some  con- 
sideration, the  important  doctrine  of  the  influence  of  mass 
remained  almost  entirely  forgotten  for  two  generations. 

§  240.  After  Malaguti  ^  had,  by  a  method  not  altogether  free 
from  error,  investigated  the  mutual  decomposition  of  salts  in 
solution,  on  lines  similar  to  those  laid  down  by  Berthollet, 
Bunsen,^  in  1853,  by  his  investigation  on  '  Chemical  Affinity,' 
again  drew  attention  to  Berthollet  and  his  doctrines,  demon- 
strating, as  he  did,  experimentally,  the  influence  exercised  by 
mass  in  the  distribution  of  oxygen  among  two  combustible 
gases,  hydrogen  and  carbon  monoxide.  Debus,^  about  the 
same  time,  and  in  connection  with  Berthollet' s  theory,  studied 
the  manner  of  distribution  of  carbon  dioxide  in  aqueous  solu- 
tions between  baryta  and  Hme,  and  also,  in  the  same  manner, 
A.  Chizniski  afterwards  investigated  the  distribution  of 
phosphoric  acid  between  lime  and  magnesia. 

The  investigations  of  Berthelot  and  Pean  de  Saint  Gilles  ^ 
on  the  formation  of  ethers  from  acids  and  alcohols,  published 
in  1861  and  1862,  have  shown  that  in  the  province  of  organic 
chemistry  the  influence  of  mass  is  one  of  great  importance. 
They  have  shown  that  when  the  proportion  of  the  masses  re- 
mains the  same  the  final  result  is  not  affected,  in  whatever 
combination  the  substances  are  brought  together,  and  that  the 
final  result  is  dependent  to  a  greater  extent  upon  the  active 
masses,  calculated  according  to  the  equivalents,  than  upon 
the  intrinsic  character  of  the  substances  and  their  affinities. 
They  found,  in  the  case  of  all  the  alcohols  and  acids  studied 

'  Ann.  Chim.  Phys.  [3]  xxxvii.  198 ;  also  1857,  li.  328. 

^  LifMg's  Annalan,  1853,  Ixxxv.  137. 

^  Ihid.  1853,  Ixxxv.  103,  and  Ixxxvi.  156. 

*  Ibid.  1866,  Suppl.-Bd.  iv.  226. 

«  Ann.  Chim.  Phijs.  [3J  1862,  Ixv.  385 ;  Ixvi.  5. 
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by  them/  and  employed  in  equivalent  proportions,  that  the 
etherification  proceeded  to  the  same  extent  in  each.^ 

§  241.  These  observations  show  that  Berthollet's  doctrine 
in  its  original  form  is  insufficient  to  explain  completely  the 
observed  phenomena.  In  1867  Guldberg  and  Waage,^  by  re- 
modelhng  Berthollet's  doctrine,  provided  a  theory  of  the  in- 
fluence of  mass  m  chemical  changes,  by  the  aid  of  which  a 
large  number  of  observations  can  be  satisfactorily  explauied, 
and  one  which  is,  moreover,  apparently  capable  of  further 
development. 

According  to  Berthollet  the  amount  of  a  compound  pro- 
duced in  a  given  chemical  change  is  simply  proportional  to 
the  number  of  equivalents  of  the  substance  present  which 
tends  to  form  it.  If  A  be  the  equivalent  of  an  acid,  and  B 
that  of  a  base,  whilst  C  represents  the  equivalent  of  a  second 
acid,  and  further  supposing  jJ,  q,  represent  respectively  the 
equivalents  of  these  substances  reacting  upon  one  another, 
then  the  base  will  be  divided  between  the  two  acids  in  the 

proportion  of  ^ 

— i-—  to   

p  +  r  p  +  r 

and  consequently  the  formation  of  the  salts  AB  and  CB 
will  take  place  as  represented  by  the  equation 

^^A  +  qB  +  rC  = 

^  AB+-^CB+  fl--^U  +  ri--i)c. 
p  +  r  p  +  r  \       p  +  rJ        \       p  +  r/ 

This  result  would  only  be  interfered  with  by  the  insolu- 
bihty  or  volatility  of  one  of  the  compounds ;  the  manner  in 
which  the  phenomena  are  so  affected  will  be  presently  ex- 
plained. 

Guldberg  and  Waage  have  introduced  into  this  altogether 
too  simple  theory  the  influence  exercised  on  the  decomposi- 
tion by  time,  space,  temperature,  and  the  strength  of  the 
affinities.    Inasmuch  as  a  body  will  react  the  more  power- 

'  Menschutkin  has  shown  this  is  not  so  generally  true,  but  only  true  of 
bodies  belonging  to  the  same  classes  {vide  §  244). 

Ehides  sur  les  A ffmiUs  chimiqucs,  programme  de  VuniversiU  Ghristiania, 
1867.  J.  van  'tHofiE  has  independently  'and  without  knowledge  of  this  work 
proposed  a  similar  theory  (Ber.  d.  deut.  chem.  Oes.  1877,  x.  669). 
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fully  upon  another  the  greater  the  mass  of  it  coming  in  con- 
tact with  this  body,  therefore  the  result  of  its  action  will  be 
proportional  to  the  quantity  of  the  other  substance  brought 
within  its  sphere  of  action.  But,  inasmuch  as  the  extent  of 
the  sphere  of  action  is  unknown  to  us,  so  Guldberg  and  Waage 
substitute  for  it  the  unit  of  space,  and  consider  the  quantity 
of  a  body  contained  in  this  unit  of  space  as  its  active  mass, 
which  latter  is  conveniently  taken  as  expressed  by  the  number 
of  equivalent  weights  contained  in  the  unit  of  space.  The 
interaction  of  several  substances  upon  one  another  will  there- 
fore be  proportional  to  the  active  masses  of  each,  consequently 
to  the  products  of  all  the  active  masses.  Supposing  the  unit 
of  volume  to  contain  p  equivalents  of  one  substance,  and  q 
of  another,  then  the  following  will  be  an  expression  of  their 
action  upon  one  another  : — 

k  .  p  .  q, 

where  k  represents  a  number  dependent  upon  the  natm'e  of 
the  substances,  the  temperature,  and  other  external  con- 
ditions. 

Whilst  the  deductions  may,  without  special  difficulty,  be 
made  from  these  suppositions,  and  represented  by  mathe- 
matical formula,  it  is,  at  the  same  time,  in  the  majority  of 
cases,  extremely  difficult  to  compare  them  with  actual  ex- 
perience. As  no  direct  measurement  can  be  made  of  the 
strength  of  the  forces  coming  into  play,  we  must  therefore  be 
content  to  gather  this  from  the  forces  themselves,  from  the 
range  of  their  action,  i.e.  from  the  magnitude  of  the  changes 
produced  by  them ;  this  can,  therefore,  only  be  done  by 
attempting  to  measure  these  quantities  from  a  certain  number 
of  observations  in  which  the  results  are  dependent  upon  these, 
and  then  seeing  whether  these  results  explain  satisfactorily 
other  phenomena  which  are  entirely  or  in  part  dependent 
upon  the  same  causes. 

Special  care  is  therefore  needed  in  the  choice  of  the  phe- 
nomena studied,  in  order  to  insure  that  the  matters  compared 
with  one  another  are  suitable  for  comparison. 

§  242.  Guldberg  and  Waage  have  appHed  their  theory  to 
such  decompositions  as  may  be  reversed,  and  therefore,  as 
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a  rule,  remain  incomplete.  Such  phenomena  were  chosen 
because  they  permitted  of  the  possibility  of  comparing  the 
forces  favouring  the  reaction  with  those  by  which  the  reaction 
is  hindered.  It  appears  that  this  class  of  phenomena  is  much 
more  numerous  than  was  formerly  supposed;  so  that  by 
proving  the  truth  of  this  theory,  it  is,  at  the  same  time, 
established  that  the  theory  may  serve  for  the  explanation  of 
many,  if  not  all,  kinds  of  chemical  changes. 

If  A  +  B'  =  A'  +  B 

express  a  reversible  reaction  in  which  A  is  a  compound  which 
under  the  influence  of  B'  is  converted  into  A',  whilst  B'  is 
simultaneously  converted  into  B,  then  A'  +  B  =  A  +  B' 
represents  the  reverse  reaction.  To  make  the  idea  more  real, 
the  plain  letters  may  be  taken  to  represent  acids,  and  the 
letters  provided  with  a  stroke  their  salts  or  ethers ;  or,  the 
former  may  be  considered  as  representing  the  oxidisable  ele- 
ments, whilst  the  latter  represent  their  oxides.  If  both  re- 
actions can  take  place,  then,  in  the  majority  of  cases,  they 
will  do  so  side  by  side,  and  a  state  of  equilibrium  will  be 
attained,  in  which  all  four  compounds  are  present  simulta- 
neously. This  equilibrium  does  not  consist  in  an  absence  of 
activity,  but  is  stationary  to  the  extent  only  that  exactly  the 
same  number  of  particles  undergo  decomposition  in  one 
direction  as  the  number  of  particles  undergoing  decomposi- 
tion in  the  opposite  direction,  so  that  the  number  of  each 
species  of  substance  remains  unchanged.  This  number,  as 
already  described  in  §  194,  is  not  alone  dependent  upon  the 
strength  of  the  affinities,  but  upon  a  whole  series  of  external 
circumstances ;  it  is  in  the  last  degree  determined  by  the 
time  reqmred  by  each  of  these  changes.  If  the  quantities  of 
the  substances  contained  m  the  unit  of  space,  or  the  '  active 

masses,  be  •        t3  ,    /  *  /  .  fn/ 

pA.  +  qB  +  p  K  +  g  B  , 

then  the  number  of  particles  decomposed  in  one  way  will  be 

k  I)  (f, 

whilst  those  decomposed  in  the  reverse  direction  will  be 

k'  1)'  q. 
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And  the  stationary  state  will  be  attained  when 

k  p  q'  =  k'  p'  q,  or  k     =  k'  ^, : 

q  q' 

that  is  to  say,  when,  in  equal  times,  the  changes  taking  place 
in  one  direction  are  equal  to  those  taking  place  in  the  opposite 
direction. 

The  factors  k  and  k'  occurring  in  the  above  equations  are 
styled  '  coefficients  of  affinity '  by  Guldberg  and  Waage,'  who 
have  thus  retamed  an  expression  introduced  by  Bunsen.^ 
These  factors  have  the  very  simple  import  that  they  give  the 
proportions  in  which  the  substances  A  and  B  are  converted 
into  A/  and  B'.  If  the  proportion  of  the  decomposed  to  the 
undecomposed  number  of  equivalents,  that  is  to  say,  the 
quotients 

^'    and  ^, 

be  styled  the  quotients  of  decomposition  of  the  substances  A 
and  B,  then  from  the  above  equation  we  have  the  following 
relation : — 

^  :  a:  =  k:k'; 
P  3 

and  therefore  the  proportion  between  the  quotients  of  decom- 
position is  constant,  and  is  equal  to  the  proportion  between 
the  coefficients  of  affinity. 

Amongst  the  six  unknown  quantities  occurring  in  this 
expression  are  p,  p',  q,  q' ,  which  can  be  determined  experimen- 
tally. If  in  any  given  case  the  values  of  these  be  known,  then, 
although  the  coefficients  of  affinity  themselves  cannot  be 
determined,  still,  their  proportion  to  one  another  may  be 
calculated.^  If  the  experiment  be  so  arranged  that 
p     p,'  =  q  +  q'  =  p'  +  q'  =  1, 

which  can  be  simply  attamed  by  bringuag  A  and  B',  or  A'  and 
B  together  in  the  proportion  of  their  equivalents  (for  example, 

'  Etudes,  p.  7.  ^  Liebig's  Annalen,  1853,  Ixxxv.  154. 

^  Compare  W.  Ostwald,  Volunicliemische  Studien  ilber  Affinitat,  Magister 
Dissertation,  Dorpat,  1877,  17  ;  Joxmi.  f.pr-  Chem.  1877,  xvi.  391;  1879,  xix. 
471. 
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an  equivalent  of  the  acid  A  with  an  equivalent  of  the  salt.  B') , 
then  it  follows  that 

2/  =  1  -  p  =  q,  q'  =  1  -  q  =  p, 

and  the  solution  will  contain  in  equilibrium 

pA  +  {1  -p)B  +  a-p)  A'  +  pB', 
and  therefore 

k    _  fl  — 
k'  ~  \  ^  )• 

Inasmuch  as  k  and  k'  cannot  be  singly  determined,  a 
single  constant  may  be  mtroduced  in  their  place,  which  may 
be  done  by  placing  the  quotient  of  /c,  by  k'  equal  to  x^,  from 
which  it  follows  that 

k    '   k      =    X   m    —  ] 

X 

X  and  -  are  therefore  in  the  same  ratio  as  the  coefficients  of 

X 

affinity,  and  by  introducing  x  the  following  relation  is  ob- 
tained : — 


x^ 


-a-py  x-Lzi  oo-_J_ 


And  when  this  value  for  p  is  used,  the  following  expression 
represents  the  condition  of  equilibrium  : — 

1  A  +  a;  B  -f  a;  A'  +  1  B', 
-  A  +  1  B  +  1  A'  +  ^  B', 

X  X 

which  is,  therefore,  the  proportion  of  the  coefficient  x  to  unity  : 

X  :  1,  ov  1  :  X, 

which  will  be  attained  when  the  opposing  substances  A  and  B 
pass  into  the  condition  represented  by  A'  and  B',  as,  for  in- 
stance, when  two  acids  combine  with  one  base,  all  three  re- 
acting upon  one  another  in  equivalent  quantities. 

If  this  proportion  of  the  distribution  has  been  once  deter- 
mined for  any  given  quantities  of  the  active  masses,  then  by 
its  aid  the  condition  of  equilibrium  of  any  other  masses  may 


460 


MODERN  THEORIES  OF  CHEMISTRY 


be  calculated.  If  the  theory  be  correct  the  following  relations 
must  always  obtain  : — 


that  is  to  say,  the  decomposition  will  proceed  to  such  an  ex- 
tent that  the  relation  between  the  coefficients  of  decomposition 
will  be  equal  to  the  coefficients  of  affinity,  whatever  the  quan- 
tities of  materials  used,  provided  only  that  all  external  con- 
ditions remain  the  same.  If  the  amounts  of  each  substance 
contained  in  the  solution  be  experimentally  determined,  as, 
for  instance,  those  of  the  two  acids  (P  and  Q),  and  of  the 
base  (E),  then  we  have  further  relation  : 


and  thus  obtain  four  equations  for  the  determination  of  the 
four  unknowns,  p,  p',  q,  and  q'. 

On  the  other  hand,  not  only  can  P,  Q,  and  E  be  so  deter- 
mined, but  also  the  values  of  p,  q,  p' ,  and  g',  and  these  may 
therefore  be  compared  with  those  obtained  from  the  above 
equations,  and  m  this  way  the  correctness  of  the  theory 
so  tested.  This  theory  has  aheady  satisfactorily  withstood 
similar  tests. 

§  243.  The  observations  of  Berthollet  and  Pean  de  Saint 
Gilles  on  etherification,  which  have  already  been  mentioned, 
are  well  adapted  to  show  the  vahdity  of  this  theory.  If  we 
take 

A = acetic  acid  =  C2H3O2H.  B  =  water  =  HOH. 

A'=ethylacetate=rC2H302C2H5.       B'  =  alcohol = HO  C^Hj, 

then  the  final  state  of  equilibrium  attained  after  some  time 
is  represented  by  the  expression 


in  which,  according  to  theory,  the  relation  between  the 
efficients  of  decomposition  and  those  of  affinity  must  be 
following :  — 


A-  ^  =y  ^,  or  t  :  3'  =  k:  ¥  = 


q        q      p  g. 


.  1. 

X 


F  =  p+p\  Q  =  q  +  q',  E         +  g', 


p  C,-H.,0,  +  p'  C.H^O^  +  g  H^O  +  q'  C^H.O, 
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The  investigations  of  these  chemists  in  which  the  un- 
altered quantity  of  acid  p  was  determined  by  titration,  have 
shown,  in  the  first  place,  that  this  condition  of  equilibrium  is 
the  same,  whether  the  alcohol  and  acid  react  upon  one 
another,  or  whether  corresponding  amounts  of  ether  and 
water  are  brought  together.  The  attainment  of  this  equih- 
brium  requires  considerable  time,  and,  in  fact,  the  lower  the 
temperatm-e,  the  greater  the  length  of  time  required.. 

If  P  mol.-wts.  of  acetic  acid  and  Q  mol.-wts.  of  alcohol  are 
allowed  to  react  upon  one  another,  then,  when  x  mol.-wts. 
of  ethyl  acetate  and  x  mol.-wts.  of  water  have  been  produced 
according  to  the  equation 

X  C^HgO^H  +  X  HOC.H,  =  X  C,11,0,C,'^,  +  x  HOH, 
the  condition  is 

(P  -  x)Q^YL<d.,  +  X  C^HgO^     (Q  -  a;)C,H,0  ^  x  H^O. 

If  we  express  by  ^  the  extreme  value  assumed  by  x  in  the 
state  of  equihbrium,  which  is  attamed  after  some  time,  then 
we  shall  have 

p  =  V  p'  =  q^^,  q'  =  q'  -  ^. 

In  order  to  be  able  to  calculate  the  value  of  ^  in  every 
case,  the  value  of  the  coefficient  of  affinity  x  must  be  deter- 
mined first,  for  which  an  experimental  determination  of  |  in 
any  single  given  case  will  suffice. 

When  P  =  Q',  it  was  found  p  =  0-335  P,  from  which 

y  =  g  =  ^  =  0-665  P,  q'  =  0-335  P, 

^2  =  /5  y  =  3.94,  ^  =  ^  1-985. 

pq'      \1  -  1  -  ^ 

Or,  in  round  numbers, 

x"^  =  4,    a;  =  2. 

Consequently,  when  the  same  number  of  equivalents  of 
acid  and  alcohol  are  used,  the  proportion  of  acid  converted 
into  ether  to  the  unaltered  acid  is  as  2  ;  1. 

If  from  the  commencement  we  have  not  only  acid  and 
alcohol  present,  but  also  P'  mol.-wts.  of  the  ether,  and  Q 
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mol.-wts.  of  water,  then  for  the  condition  of  equihbrium  we 
have  the  following  expressions : — 

P=(P-  I),  P'  =  (F  +  D,  5  -  (Q  +  I),  q'  =  (Q'  -  ^, 

and  by  substitutmg  these  values  in  the  equation  for  x"^,  the 
following  is  obtained  : — 

^2  _  (P'  +  I)  (Q  +  a 

(p  - 1)  (Q'  - 

which  gives  the  followmg  value  for  ^: — 

_  xH-p  +  Q')  +  (P-  +  Q) 
^  2  {x^  -  1) 

X'  (P  +  go  +  (F  +  q)y  ^  fq  -  ^--^pq-, 


2  (a;^  -  1)  ;    '       a;2  _  1 

in  which,  when  x^>  1,  the  minus  sign  must  be  used,  and  the 
plus  sign  when  a;^  <  1.  When  a;^  =  4  we  have  the  following 
expression  for  ^  : — 

_  4  P  +  4     +  F  +  Q 
^  6 


4  P  +  4      +  F  +        _^  P'Q  +  4  PQ' 


6         y  '      3  • 

To  test  the  validity  of  the  theory,  the  values  of  f  may  be . 
calculated  by  the  aid  of  this  formula,  and  these  compared 
with  those  deduced  from  observation.  In  the  following  table 
the  observed  and  calculated  values  are  jjlaced  side  by  side. 
Further,  x"^  can  be  deduced  from  individual  observations,  and 
these  values  are  to  be  found  in  the  last  column  but  one. 


Acid 

Alcohol 
Q' 

Ether 

r' 

Water 
Q 

obs. 

calo. 

1 

1 

0 

0 

0-665 

0-667 

3-94 

+  0-21 

1 

2 

0 

0 

0-828 

0-845 

3-40 

-0-33 

1 

4 

0 

0 

0-902 

0-930 

2-68 

-1-05 

2 

1 

0 

0 

0-858 

0-845 

3-61 

-0-12 

1 

1 

1-6 

0 

0-521 

0-492 

4-82 

+  1-09 

1 

1 

0 

3 

0-407 

0-409 

3-96 

+  0-23 

1 

1 

0 

23 

0-116 

0-131 

3-43 

-0-30 

1 

2 

0 

98 

0-073 

0-073 

4-01 

+  0-28 

Mean 

3-73 
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Considering  the  difficulties  surrounding  these  observations, 
the  agreement  between  the  observed  and  calculated  values  for 
f  is  sufficiently  satisfactory. 

The  values  for  are  not,  as  required  by  theory,  identical, 
but  the  differences  from  the  mean  (A  x^)  are  quite  irregular, 
at  one  time  in  one  direction,  at  another  time  in  the  opposite, 
and  are  probably  due  to  experimental  errors.  Since,  from  the 
character  of  the  experimental  determmation  oip,  the  value  of 
^  will  probably  be  fomid  too  small  rather  than  too  large,  and 
therefore  the  mean  of  is  also  probably  too  small,  so  the 
above  expression  a;^  =  4  is  most  probably  the  correct  one. 

Observation,  therefore,  supports  the  theory  of  Guldberg 
and  Waage.  Accordingly  the  formation  of  ethyl  acetate  from 
acetic  acid  and  alcohol  proceeds  until  the  proportion  between 
the  etherified  to  the  unaltered  acid  is  equal  to  four  times  the 
proportion  between  the  number  of  the  molecules  of  the  un- 
altered alcohol  and  the  number  of  the  molecules  of  water. 

§  244.  Menschutkin  '  has  supplemented  the  researches  of 
BerthoUet  and  Peau  de  Saint  Gilles  by  investigating  the  rate 
and  the  Hmit  of  etherification  of  different  kinds  of  alcohols  by 
acetic  acid,  and  he  has  found  that  both  these  values  are 
almost  equal  for  alcohols  of  the  same  class,  but  are  very 
different  for  different  classes  of  alcohols.  The  primary  satu- 
rated alcohols  (see  §  135),  C„H2„,+20,  are  most  rapidly  and 
most  completely  etherified,  the  only  difference  being  that  the 
lower  members  of  the  series,  which  are  soluble  in  water,  are 
more  rapidly,  but  less  completely,  etherified  than  the  higher 
members  which  are  insoluble  in  water  and  form  ethereal  salts 
which  are  less  easily  decomposed  by  water  than  the  corre- 
sponding compounds  of  the  lower  alcohols.  The  primary  non- 
saturated  alcohols  come  next  in  order,  then  the  secondary 
saturated  alcohols,  followed  by  the  secondary  non-satu.rated 
alcohols.  Finally  we  have  the  tertiary  alcohols,  with  a  very 
low  rate  of  etherification.  Tbe  '  limit '  cannot  be  accurately 
determined,  since  the  ethereal  salts  decompose,  forming  hydro- 
carbons. The  phenols,  of  wliich  the  rate  and  limit  of  etheri- 
fication have  been  determined,  resemble  the  tertiary  alcohols. 

Menschutkin's  results  are  contained  in  the  following  table. 

'  Liebig's  Ann.  1879,  cxcv.  334 ;  cxcvii.  193. 
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In  these  experiments  P  =  Q' ;  tlie  temperature  is  154°  unless 
otherwise  stated.  The  Hmits  of  etheriiication  attained  in  120 
hours  are  given  under  ^,  and  also  the  values  and  x,  calcu- 
lated from  these  data.  The  initial  rate  of  etherification,  i.e. 
the  proportion  of  acid  or  alcohol  etherified  during  the  first 
hour,  is  given  under  G. 


G 

X 

x" 

1.  Pkimaky  Alcohols. 


a.  Saturated — 
Methyl  alcohol  . 
Ethyl  alcohol 
Norm.  Propyl  alcohol 
,,     Butyl  alcohol  . 
Isobutyl  alcohol 
Norm.  Octyl  alcohol  . 
Cetyl  alcohol 

C,H,0 
C,H„0 
C,H,0 
C,H.„0 

C,H„0 
CjuHjiO 

0-556 
0-4C9 
0-469 
0-469 
0-449 
0-466 

0-696 
0-666 
0-668 
0-673 
0-674 
0-723 
0-804 

2-29 
2-00 
201 
2-06 
2-07 
2-61 
4-10 

5-  24 
4-00 
4-05 
4-24 
4-28 

6-  81 
16-83 

b.  Non-saturated — 
AUyl  alcohol 
Benzyl  alcohol  . 

CaHgO 
C,H,0 

0-361 
0-386 

0-594 
0-608 

1-46 
1-55 

2-14 
2-41 

II.  Secondaey  Alcohols. 

a.  Saturated — 
Dimethyl  carbinol 
Ethylmethyl  carbinol 
Isopropylmethyl  carbinol  . 
Diethyl  carbinol 
Hexylmethyl  carbinol 

C,H,0 
C,H,„0 
C,H,,0 

CgH,aO 

0-277 
0-226 
0-189 
0-169 
0-212 

0-605 
0-593 

U  OiJO 

0-587 
0-620 

1-53 
1-46 

1-42 
1-63 

2-35 
2-12 

9-19 

2-02 
2-66 

b.  Non-saturated — 
Ethylvinyl  carbinol  . 
Diallyl  carbinol  . 

C,H,„0 
C,H,,,0 

0-149 
0-103 

0-523 
0-501 

1-07 
1-02 

1-20 
1-01 

III.  Tebtury  Alcohols. 

a.  Saturated — 

Trimethyl  carbinol  . 
Ethyldimethyl  carbinol 
Diethylniethyl  carbinol 
Propyldimethyl  carbinol  . 
Isopropyldimethyl  carbinol 

C,H,„0 
C,H,,0 
C,H,,0 

)) 
)> 

0-022 
0-012 
0-018 
0-021 
0-009 

0-071  • 

0-034 

0-019 

0-016 

b.  Non-saturated — 
AUyldimethyl  carbinol 
Allyldiethyl  carbinol  . 
Allyldipropyl  carbinol 
Diallylmethyl  carbinol 
Diallylpropyl  carbinol 

C„H,,0 
C,H„0 

C,H,,0 
C,„H|sO 

0-038 
0-000 
0-000 
0-000 
0-000 

0-075 
0-034 
0-006 
0-003 
0-003 

IV.  Phenols. 

Phenol       .       .       .  • 
Paracresol  .... 
Thymol  .... 
a  Naphthol 

C,B,0 

C;H,0 

C,„H,,0 
C,„H,0 

0-018 
0-018 
0-058 

0-090 
0-097 
0-095 
0-063 

0099 
0-107 
0-105 
0067 

0-0098 
0-0115 
0-0110 

00045 

At  100°  C  =  0-123. 
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If  we  examine  the  numbers  in  the  preceding  table  (not 
forgetting  to  take  into  account  the  arrangement  of  the  atoms 
in  these  different  classes  of  alcohols,  vide  §  132),  we  find  that 
the  more  H  atoms  there  are  attached  to  the  C  atom,  which  is 
united  to  the  OH  group,  the  more  rapid  and  the  more  com- 
plete the  process  of  etherification  will  be.  On  the  other  hand, 
it  diminishes  with  the  number  of  C  atoms  directly  attached  to 
this  C  atom.  But,  at  the  same  time,  the  miscibility  of  the 
alcohol  and  its  ether  in  water  exerts  an  undeniable  influence 
on  these  values.  It  is  obvious  that,  when  ^  is  very  small,  the 
value  of  X  is  only  approximately  correct. 

Menschutkin  '  has  also  determined  the  velocity  and  the 
hmits  of  etherification  of  ethyl  and  isobutyl  alcohols  for  diffe- 
rent acids  at  164".  In  the  following  table  the  numbers  ob- 
tained with  ethyl  alcohol  are  distinguished  by  an  asterisk. 
They  show  that  etherification  is  more  rapid,  but  not,  as  a  rule, 
so  complete  in  the  case  of  ethyl  alcohol  as  it  is  for  isobutyl 
alcohol. 


m 

a 

a;" 

a.  Primaiy  acids  - — 

Formic    acid'  . 

CH^O., 

0-617 

0-642 

1-79 

3-22 

Acetic  ,, 

c,H,o; 

0-444 

0-674 

2-07 

4-28 

»»          »»       •       •  • 

»» 

0-470* 

0-666* 

2-00* 

4-00* 

Propionic  „       .       .  . 

CgHgOa 

0-412 

0-687 

2-20 

4-82 

Norm.  Butyric  acid  . 

0-333 

0-695 

2-28 

5-19 

t)          I)        )j     •  • 

0-360* 

0-688* 

2-21* 

4-86* 

„      Caproic  ,, 

0-331 

0-698 

2-31 

5-34 

))          >)        1)     •  . 

0-346* 

0-698* 

2-31* 

5-34* 

„      Octylic  „ 

0-309 

0-709 

2-44 

5-94 

b.  Secondary  acids — 

Isobutyric  acid  . 

0-290 

0-695 

2-28 

5-19 

Methylethylacetic  acid 

0-215 

0-737 

2-80 

7-85 

c.  Tertiary  acids  — 

Trimethylacetic  acid  . 

0-083 

0-727 

2-66 

7-09 

Dimethylethylacetic  acid  . 

0-035 

0-742 

2-88 

8-27 

0-054* 

0-739* 

2-83* 

8-02* 

Heptylic  acid  '  . 

C,H„0,, 

0-004 

Decylic '  „ 

0-005 

'  Ber.  d.  detU.  chem.  Ges.  1879,  2168. 

2  Acids  are  termed  primary,  secondary,  or  tertiary,  respectively,  when  the 
position  of  their  carboxyl  group,  COOH,  is  identical  with  that  of  the  hydroxyl 
OH  in  the  primary,  secondary,  or  tertiary  alcohols. 

'  At  100°,  since  the  acid  decomposes  at  a  higher  temperature 

'  The  constitution  of  these  acids  has  not  yet  been  thoroughly  investigated. 

n  H 
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There  is  a  considerable  difference  between  the  primary, 
secondary,  and  tertiary  acids.  The  rate  of  etherification 
diminishes  in  passing  from  the  primary  to  the  secondary 
acids,  and  again  from  the  secondary  to  the  tertiary  ;  but,  on 
the  other  hand,  the  Hmit  of  etherification  increases. 

The  same  author  has  obtained  similar  results  for  non- 
saturated  acids  of  different  constitutions,  and  also  for  poly- 
valent alcohols  and  phenols.'  By  numerous  systematic  in- 
vestigations he  has  succeeded  in  deriving  fi'om  the  rate  and 
limit  of  etherification  a  valuable  means  of  distinguishing 
between  differently  constituted  alcohols  and  acids. 

§  246.  When  two  acids  act  upon  one  base,  which  is  not 
present  in  sufficient  quantity  to  saturate  them  both  com- 
pletely, the  manner  in  which  the  two  acids  are  divided  be- 
tween the  base  cannot  be  ascertained  by  analysis  if  all  the 
resulting  products  remain  in  solution,  but  it  can  be  calculated 
from  various  phenomena  accompanying  the  reaction.  For 
this  purpose  Juhus  Thomsen  has  made  use  of  the  heat  de- 
veloped on  mixing  dilute  solutions  of  these  bodies. ^  He 
started  from  the  following  hypothesis  :  '  Different  acids,  on 
neutrahsation  with  the  same  base,  evolve  different  amounts  of 
lieat ;  if  one  acid  replaces  another  from  its  compound  with  the 
base,  the  decomposition  of  the  salt  is  accompanied  by  a  thermic 
change  in  which  heat  is  evolved  or  absorbed,  according  as  the 
heat  of  neutrahsation  of  the  free  acid  is  greater  or  less  than 
that  of  the  acid  contained  in  the  salt. 

'  The  extent  of  the  decomposition  can  be  determmed  from 
the  value  of  the  thermic  effect.' 

But  for  this  determination  it  is  necessary  to  make  an  ex- 
tensive series  of  experiments,  showing  the  thermochemical 
effect  of  each  pair  of  the  substances  in  question. 

The  action  of  each  acid  on  the  base  must  be  separately 
determined,  then  the  action  of  each  acid  on  its  own  salt,  and 
also  on  the  salt  of  the  other  acid,  and,  finally,  the  mutual 
action  of  the  two  acids.    These  experiments  were  generally 

■  Ber.  d.  deut.  chem.  Ges.  1880,  162,  163,  1812,  1814.  Complete  r6sum6, 
A7in.  Chim.  Phys.  [5]  1880,  xx.  289.  n-  mo 

On  Berthollet's  '  Theoi-y  of  Affinity,'  Pogg.  Ann.  1869,  cxxxvm.  6o-10^, 
Therm.  Untersuchtmg,  i.  97,  &c. 
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made  with  different  weights  of  the  substances.  The  quantity 
of  water  serving  as  solvent  varied  but  sHghtly,  so  that  the 
results  of  the  experiments  only  held  good  for  dilute  solutions. 

The  greatest  possible  care  has  to  be  exercised  in  each  in- 
dividual determination,  in  order  that  the  result  may  be  trust- 
worthy; if  due  caution  is  not  observed  utterly  false  results 
are  easily  obtained. 

Let  A  and  B  represent  the  equivalent  weights  of  the  two 
acids,  and  A'  and  B'  those  of  their  salts  ;  then  the  solution  will 
contain  in  a  state  of  equilibrium  the  quantities 

and  a;     =  -  ^  ox     =  ^^-jJL  =  constant. 

p      X  q  p .q 

If  the  four  substances  are  mixed  in  these  proportions,  no 
thermic  effect  is  produced,  but  if  mixed  in  any  other  propor- 
tion, the  decomposition  required  to  bring  about  a  state  of 
equilibrium  is  accompanied  by  a  thermic  effect. 

In  order  to  determine  the  constants  x"^,  Thomsen  inves- 
tigated the  two  simplest  cases  where  1  equivalent  A  acts  on 
1  equivalent  B',  and  1  equivalent  B  acts  on  1  equivalent  A'. 
In  these  cases  we  have 

p  +  p'  =  1,  q  +  q'  =  1,  p'  +  q'  =  1, 
and  for  the  state  of  equilibrium  (vide  §  242) 

pA  +  {1 -p)  A'  +  {1  -  p)B  +  pB\ 
or  A  +  xA'  +  xB  +  B'. 

If  the  heat  of  neutralisation,  i.e.  the  thermic  effect,  of  the 
complete  neutraHsation  of  an  equivalent  of  each  of  the  acids 
is  W(A)  and  WlB),  then  the  partial  exchange  of  the  base  on 
mixing  1  A  with  1 B'  produces  the  thermic  effect 

(A  :  BO  =  (1  -p)  (W(A)  -  (W(B)) ; 

but  on  mixing  1  B  with  1  A'  the  thermic  effect  is 
(B  :  AO  =  p  (W(B)  -  W(A))  ; 

for,  in  the  first  case  (1  —  jj)  equivalents  of  the  salt  A',  in  the 
second  p  equivalents  of  the  salt  B'  are  formed.    On  the  other 

11  n  2 
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hand,  in  the  first  case  (1  -  p)  equivalents  of  the  acid  B,  in 
the  second  p  equivalents  of  the  acid  A  are  set  at  liberty,  and 
consequently  their  heat  of  neutralisation  is  used  up,  and  must 
be  represented  as  a  negative  quantity  in  the  calculation. 

Secondary  thermic  effects  are  also  produced  by  the  mutual 
action  of  the  other  bodies.  According  to  Thomsen's  experi- 
ments, although  the  action  of  one  acid  on  the  other  and  the 
action  of  the  salts  on  each  other  do  not  produce  any  effect 
capable  of  measurement,  still,  each  acid  produces  a  greater 
or  less  thermic  effect  with  its  own  salt. 

These  secondary  reactions  are,  however,  the  same  in  each 
ease,  since  they  depend  entirely  on  the  quantities  of  acids  and 
salts  produced  ;  in  the  first  case  (1  —  p)  A'  is  formed,  which 
acts  on  pA,  and  (1  —  p)  B  which  acts  on  pB'.  In  the  second 
case  pA  is  formed,  and  acts  on  the  remaining  (1  —  2^)  A',  and 
2yB'  acting  on  (1  —  ^j)  B. 

The  complete  thermic  effect  on  mixing  1 A  and  1  B'  is, 
therefore, 

(A  :  BO  =  (1  -  p)  (W(A)  -  W(B))  +  ((1  -  p)  A',  pA)  + 

((1  -p)  B,pB'), 

and  on  mixing  1  A'  and  1  B, 

(B  :  AO  =i)  (W(B)  -  W(A))  +  {jjA  (1  -  p)  AO  + 
ipB'  (1  -  p)  B). 

According  to  the  general  laws  of  the  mechanical  theory  of 
heat,  the  calorific  effect  depends  only  on  the  initial  and  final 
state  of  a  sy stein,  and  not  on  the  order  in  which  the  change 
takes  place.    Hence  it  follows  that 

(A  :  BO  -  (B  :  AO  =  W(A)  -  W(B). 

This  also  follows  from  the  preceding  equation.  Thomsen 
found  for 

A  =  i  H,SO„  A'  =  i  Na.,SO„  B  =  HNO3,  B'  =  NaNOa- 
(A  :  BO-(B  :  AO  =  +288  cal.-(-1752  °)  =  2040  ^ 
■W(A)  -  W(B)  =  15689      13617  "  =  2072  <=. 

and  for 

A  =  i  H,SO„  A'  =  1  Na„SO„  B  =  HCl,  B'  =  NaCl. 
(A  :  BO  -  (B  :  AO  =  244   -  (-  1682 ")  =  1926 
W(A)  -  W(B)  =  15689    -  13740   =  1949  ^ 
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Theory  and  observation  therefore  agree  very  closely,  with 
the  exception  of  small  deviations  arising  from  the  unavoidable 
errors  of  experiment. 

§  246.  If  we  replace  the  values  determined  by  experiment 

(A  :  B')  =  288  <=,  (B  :  A')  =  -1752  %  for  B  =  HNO3, 

and 

(A  :  BO  =  244  <=,  (B  :  A')  =  -1682  °,  for  B  =  HCl, 

in  the  above  equation,  p  cannot  be  directly  determined,  since 
the  values  in  the  second  and  thii-d  brackets  of  the  expressions 
for  (A  :  BO  and  (B  :  A')  vary  with  j). 
Thomsen  found 

i  (Na,SO,  :  nH,SO,)  =  "  '  ^^^^ 

(NaNOg  :  HNO3)  =  -36 «  :  (NaCl,  HCl)  =  -32«. 

The  thermic  effect  of  |  H2SO4  and  Na^SO^  is 

^-P  fNaSO  -P^^]  =  -   P^'^-Py  .1650<=. 
-2~  [^^^^^^  '    1-p  I  0-2  p  +  0-8 

Assuming  that  the  thermic  effect  of  the  corresponding 
quantities  of  both  the  other  acids  and  their  salts  is  propor- 
tional to  the  quantity  of  the  free  acid  (an  assumption  which  is 
permissible  as  the  quantities  are  very  Small), 

p  (NaNOa  :  (1  -p)  HNO3)  =  -  (1  -13)  36  « 

and 

p  (NaCl  :  (1  -  1^)  HCl)  =  -  (1  -  p)  32 

The  value  of  p  can  now  be  determined  from  the  equations 
(")  for  sulphuric  and  nitric  acids  : 

(A  :  BO"^  =  a-p)  •  2072'=  -    P  _  •  1650  °. 

^  V     ^  /  0-2.^  +  0-8 

-  (1  -  p)  .  36    =  288 

(B  :  A0»  =-p.  2072 ol^^l^g  .  1650. 
-  (1  -2?)  36  =  -  1752  <=. 
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and  C^)  for  sulphuric  and  hydrochloric  acids  : 

(pi  -p) 


(A  :  B')^  =  (1  -  2J) "  1949  .  - 
-  (1 

(B  :  A')^  =  -P'  1949  - 

-a-p) 


0-2. p  +  0-8 

i?)  .  32  «  =  244  °. 

(pi  -  p) 


.  1650. 


0-2.^1  +  0-8 

32'^  =  -  1682 


1650. 


Thomsen  solved  this  equation  by  trying  different  values  for 
p,  and  neglecting  the  third  number,  which  is  very  small.  He 
found  that    =  f  satisfies  both  cases. 

The  calculated  and  observed  values  of  p  are  : — 


Obseryed 

Calculated 

Difference 

(A  :  B'Y 
(A :  B')" 
(B  :  k'Y 
(B  :  A')" 

288° 
244 
-1752 
- 1682 

286 « 
244 
-1786 
- 1703. 

-  2° 
0 

-34 
-21 

The  calculated  and  observed  results  only  exhibit  very 
minute  deviations.  By  replacing  the  value  of  p  we  obtain  for 
the  state  of  equilibrium 


i  H,SO,,  +  i  .  i  Na^SO,  +  i  HNO3  +  f  NaNOg, 


f  .  i  +  ^  .  i  Na^SO,,  +  ^  HCl  +  I  NaCl, 

and  with  whole  coefficients 

2  H,SO,  +  Na.^SO^  +  2  HNO3  +  4  NaNOg, 
2  H,SO,  +  Na^SO,  +  2  HCl  +  4  NaCl, 

or,  if  an  acid  sulphate  is  formed, 

H2SO4  +  2  HNaSO,  +  2  HNO3  +  4  NaNOg, 
H^SO,  +  2  HNaSO^  +  2  HCl  +  4  NaCl. 

On  mixing  a  dilute  solution  of  one  equivalent  of  each  acid 
with  one  equivalent  of  soda,  the  acids  are  divided  between  the 
base  as  follows :  one-third  of  the  sulphuric,  and  two-thirds  of 
the  nitric  or  hydrochloric  acids  are  saturated. 

In  order  to  determine  the  constant  x  we  have 


X  = 


  1 


1  =  2. 

X 
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If  we  replace  this  value  for  x,  in  the  general  equation,  we 
have  ^  ,  . 

This  may  be  expressed  in  words  as  follows  : 

When  nitric  or  hydrochloric  acid  and  sulphuric  acid  are 
mixed  mth  a  dilute  solution  of  a  base  in  insufficient  quantity 
for  their  complete  saturation,  the  ratio  of  the  unsaturated 
equivalents  of  the  sulphuric  acid  to  the  equivalents  of  the 
saturated  acid  is  always  four  thnes  the  ratio  which  the  non- 
saturated  equivalents  of  hydrochloric  or  nitric  acid  bears  to 
the  saturated  equivalents. 

If  the  preceding  equation  is  written  4  ~  =  ~'>  mean- 
ing may  be  expressed  in  words  thus  : 

The  ratio  of  the  equivalents  of  sulphate  to  those  of  the 
nitrate  is  only  ^  of  that  of  the  free  acids  to  each  other. 

§  247.  If  P  equivalents  of  sulphuric  acid,  and  Q  equivalents 
of  nitric  or  hydrochloric  acid  are  mixed  with  1  equivalent  of 
caustic  soda  in  dilute  solution,  the  four  conditions  for  the  state 
of  equilibrium 

p  1  H^SO,  +  p'lNa^SO^  -f  qnm,  +  q"^^m,, 

are         =  4  %,  p  +  q'     1,  p  +  p'  =  'P,  q  +  q'  =  Q- 

p  q 

From  which  the  equivalents  of  neutralised  sulphuric  acid  may 
be  calculated  to  be 

P'  =  -i  (4Q  +  P  -  3)  ViP-h  [i(4Q  +P-3)J^ 

In  order  to  test  the  theory  Thomsen  made  a  large  series  of 
experiments,  in  which  he  determined  the  thermic  effect  pro- 
duced by  mixing  different  quantities  of  the  acids  and  their 
salts,  and  he  compared  these  results  with  those  values  calcu- 
lated from  the  above  or  analogous  formulae. 

'  Thomsen  gives  the  vahie  as  i,  Pogg.  Ann.  cxxxviii.  90  ;  also  as  0"49,  ibid. 
498,  and  also  as  0-515,  ibid.  507.  More  recently  he  adheres  to  the  number 
0-49.   As  the  true  value  has  not  been  accurately  ascertained,  it  ia  here  taken 


472 


MODERN  THEORIES  OF  CHEMISTRY 


The  first  four  columns  of  the  following  table  contam  the 
quantities  of  the  different  substances  (expressed  in  equivalents) 
which  are  mixed  together.  The  fifth  and  sixth  columns  con- 
tain the  calculated  and  the  experimental  values  of  the  thermic 
effect,  and  the  last  column  shows  the  difference  between  these 
values. 


Thermic  effects 

HNO^ 

NaNO^ 

Difference 

calculated 

found 

0 

1 

h 

0 

-  462-= 

-  452'= 

—  10  " 

0 

1 

? 

0 

-  828 

-  808 

—  20 

0 

1 

0 

-1331 

-1292 

-39 

0 

1 

i 

0 

-1773 

-1752 

-21 

0 

1 

2 

0 

-1974 

-2026 

+  52 

0 

J 

3 

0 

-2019 

-2050 

+  31 

1 

2 

0 

-  982 

-  978 

2 

2 

0 

-  714 

-  664 

-50 

3 

2 

0 

-  551 

-  520 

-31 

0 

1 

o 

X 
4 

1 

2 

-  661 

-  546 

-15 

0 

i 

? 

-  786 

-  761 

-25 

0 

2 

1 

h 

-  933 

-  968 

+  35 

1 

0 

0 

1 

+  298 

+  288 

+  10 

2 

0 

0 

1 

+  348 

+  379 

-31 

JlCl 

NaCl 

0 

1 

0 

-1279 

-1247 

-32 

0 

1 

1 

0 

-1691 

-1682 

-  9 

0 

1 

2 

0 

-1870 

-1878 

+  8 

0 

1 

4 

0 

-1917 

-1896 

-21 

1 

0 

0 

1 

+  257 

+  244 

+  13 

2 

0 

0 

1 

+  292 

+  336 

-44 

In  these  determinations  a  unit  of  heat  corresponds  to 
about  0-001°  C,  and  the  greatest  deviation  between  the  calcu- 
lated and  observed  results  is  only  0*05°  C.  The  close  agree- 
ment exhibited  in  this  table  shows  that  Guldberg  and  Waage's 
rule  is  applicable  in  this  case. 

§  248.  By  means  of  this  rule,  which  has  been  thoroughly 
tested  by  experiment,  we  can  calculate  the  distribution  of  the 
base  between  any  given  quantities  of  the  two  acids.' 

The  following  table  shows  how  many  equivalents  of  sul- 
phuric acid  {'p')j  and  how  many  equivalents  of  nitric  acid 
(1  —  p')  are  neutralised  by  soda,  when  P  equivalents  of  sul- 
phuric acid,  and  Q  equivalents  of  nitric  acid  are  present  to  1 
equivalent  of  the  base. 

'  For  a  graphic  representation  of  these  values,  see  Van  t'Hoff,  Ber.  d.  deut. 
cliem.  Ges.  1877,  673. 
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p'  (neutralised  equivalents  of  sulphuric  acid) 

For 

P  =  l 

2 

3 

4 

5 

6 

Q  = 
1 

2 
3 
4 
5 
6 

0-33 
0-16 
0-10 
0-07 
0-05 
0-04 

0-46 
0-26 
017 
013 
0-10 
0-09 

0-54 
0-33 
0-24 
0-18 
0-15 
012 

0-59 
0-39 
0-29 
0-23 
0-19 
0-16 

0-63 
0-44 
0-33 
0-27 
0-22 
0-19 

0-67 
0-48 
0-37 
0-30 
0-25 
0-22 

(l_p')  (neutralised  equivalents  of  nitric  acid) 

For 

P  =  l 

2 

3 

4 

5 

6 

Q  = 
1 

2 
3 
4 
5 
6 

0-67 
0-84 
0-92 
0-93 
0-95 
0-95 

0'54 
0-74 
0-83 
0-87 
0-90 
0-91 

0-46 
0-67 
0-76 
0-82 
0-85 
0-88 

0-41 
0-61 
0-71 
0-77 
0-81 
0-84 

0-37 
0-56 
0-67 
0-73 
0-78 
0-81 

0-33 
0-52 
0-63 
0-70 
0-75 
0-78 

These  numbers  show  that  only  relatively  small  quantities 
of  sulphates  can  exist  in  dilute  solutions  in  the  presence  of 
excess  of  nitric  acid.  They  also  show  that  not  only  does 
the  ratio  of  one  acid  to  the  other  mfluence  the  results,  but 
also  the  proportion  which  the  base  bears  to  the  two  acids 
exerts  a  marked  influence,  e.g. : 

For  equal  equivalents  of  the  two  acids,  the  amomit  of  sul- 
phate produced  is  diminished  by  increasing  the  excess  of  free 
acids. 

When  P  =  Q  =  1,  one-third  of  the  base  combines  with  the 
sulphuric  acid,  but  if  P  =  Q  =  5,  only  a  little  more  than  one- 
fiifth  of  the  base  unites  with  the  sulphuric  acid. 

In  order  to  effect  a  definite  division  of  the  base  between 
the  acids,  the  latter  must  be  employed  in  the  proportions  in- 
dicated by  the  equations 

T=-P-^{x^Q~{l-p')  (rc2_l))=^,[4  Q-3  (1-/)], 
1  —p  1  —2> 

^  =  ^     +  ^  ^"'-^^^  =  ^4^  + 

For  example,  if  we  wish  the  sulphuric  acid  to  unite  with 
the  fractions  of  1  equivalent  of  soda,  given  under  p'  in  the 
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first  column  of  the  following  table,  when  the  solution  contains 
Q  =  1,  2,  3,  &c.  equivalents  of  nitric  acid,  it  is  necessary  that 
the  number  of  equivalents  of  sulphuric  acid  indicated  in  that 
portion  of  the  table  should  be  present  in  the  solution. 

The  additional  quantity  of  sulphuric  acid  required  m- 
creases  much  more  rapidly  than  that  of  the  nitric  acid.  Thus, 
in  order  that  the  former  should  neutralise  one-third,  and  the 
latter  two-thirds  of  the  base,  we  must  take  1  equivalent  of 
sulphuric  acid  to  1  of  nitric,  but  for  2  equivalents  of  nitric 
acid  three  of  sulphuric  are  requu-ed,  for  three,  five  equivalents, 
finally,  for  n  equivalents  of  nitric  acid,  %i  —  1  equivalents  of 
sulphuric  acid. 

Two  equivalents  of  sulphuric  acid  suf&ce  in  any  case  to 
convert  ^  of  an  equivalent  of  the  base  into  sulphate. 

In  order  that  the  base  may  be  equally  divided  between  the 
two  acids,  P  must  equal  4 .  Q  —  1-5,  i.e.  the  equivalents  of 
sulphuric  acid  must  be  1^  less  than  four  times  the  number  of 
equivalents  of  nitric  acid. 


P=  J!L(4Q-3{1 
i—p' 

-p')) 

Q  =  1 

2 

3 

4 

5 

V' 

P 

0-1 

0-444  0-0-3 

0-14 

0-59 

1-03 

1-48 

1-92 

0-2 

g-0-6 

0-4 

1-4 

2-4 

3-4 

4-4 

0-25 

1-333  0-0-75 

0-58 

1-92 

3-25 

4-58 

5-92  ■ 

0-3 

1-714  0-0-9 

0-81 

2-53 

4-24 

5-96 

7-67 

0-333 

2    .  0-1 

1 

3 

5 

7 

9 

0-4 

2-667  0-1-2 

1-47 

4-13 

6-80 

9-47 

12-13 

0-5 

4    .  0-1-5 

2-5 

6-5 

10-5 

14-5 

18-5 

0-6 

6    .  0-1-8 

4-2 

10-2 

16-2 

22-2 

28-2 

0-667 

8    .  0-2 

6 

14 

22 

30 

38 

0-7 

9-333  0-2-1 

7-23 

16-57 

25-90 

35-23 

44-57 

0-75 

12    .  0-2-25 

9-75 

21-75 

33-75 

45-75 

57-75 

0-8 

16    .  Q-2-4 

13-6 

29-6 

45-6 

61-6 

77-6 

0-9 

36    .  0-2-7 

33-3 

69-3 

105-3 

141-3 

177-3 

1-0 

P  =  QO 

§  249.  J.  Thomsen  '  introduced  a  name  for  the  coefficient 
of  affinity,  x,  which  was  in  the  first  instance  applied  only  to 
acids  and  bases.  According  to  §  242,  when  two  acids,  present 
in  e'quivalent  proportions,  are  mixed  with  one  equivalent  of 
the  base,  they  unite  with  the  base  in  the  proportion  of  .-r  :  1. 

'  Fogg.  Ann.  1869,  cxxxviii.  90 ;  vide  also  ThemiocJiem.  Untersiichungen, 
i.  115. 
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Thomsen  has  designated  this  value  x  by  the  term  avidity, 
which  he  defines  as  '  the  strivmg  of  an  acid  after  neutrahsa- 
tion.'  Berthelot  >  denies  the  necessity  of  introducing  this 
term;  but  as  the  idea  is  directly  based  on  the  observed 
behaviour  of  bodies,  his  strictures  are  unfounded. 

If,  m  working  with  equivalent  quantities,  one  acid  receives 
less  of  the  base  than  the  other,  its  capacity  of  combining  with 
the  base  is  smaller,  and  Thomson's  '  avidity '  is  the  simplest 
measure  of  this  property.  It  is  obviously  only  a  relative,  and 
not  an  absolute  measure,  since  the  avidity  of  one  acid  can 
only  be  compared  with  that  of  another.  Thomsen  has  chosen 
nitric  acid  as  the  unit,  since  it  possesses  the  highest  avidity 
which  has  been  observed  up  to  the  present.  The  value  of  the 
avidity  of  all  other  acids  is  represented  by  fractions,  e.g. 

Sulphm-ic  acid,  Av.  {\  HgSO^)  =  -  = 

and  so  on,  for  each  of  the  other  acids. 

Although  there  is  no  doubt  that  the  notion  of  avidity  is 
justified  by  observed  facts,  the  question  remains  whether  this 
new  expression  should  be  retained.  It  is  only  desirable  to 
retain  it  so  long  as  the  old  term  '  affinity,'  which  is  used  by 
Guldberg  and  Waage,  Ostwald,  and  other  investigators  to 
denote  this  force,  is  employed  by  other  authors  to  denote  a 
hypothetical  value  (mentioned  in  §  223)  proportional  to  the 
heat  of  neutralisation,  which  is  not  in  any  way  a  measure  of 
affinity. 

The  heat  of  neutralisation  of  sulphuric  acid  H2S04Aq, 
NaOHAq)  =  15689  %  and  of  nitric  acid,  (HNOgAq,  NaOHAq) 
=  13617  are  inversely  as  the  actual  affinities  or  avidities  ; 
for  the  heat  of  neutralisation  of  sulphuric  acid  is  15  %  greater 
than  that  of  nitric  acid,  whilst  its  affinity  or  avidity  is  only 
half  that  of  nitric  acid. 

The  heat  of  neutralisation  is  not  in  any  way  adapted  to  be 
a  measure  of  affinity.  But  since  it  does  happen  to  be  regarded 
as  a  measure  of  affinity,  it  will  be  advisable  to  retain  the  name 
avidity  so  long  as  this  misuse  continues,  and  afterwards  re- 
place it  by  the  old  term  affinity. 


'  Essai  de  Micaniquc  chimique,  ii.  640. 
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§  250.  Thomsen  has  experimentally  determined  the  avidity, 

i.e.  i  of  a  large  number  of  acids,  and  has  obtained  very  dij&e- 

rent  results  for  different  acids.  As  a  rule,  the  avidity  of  a 
given  acid  is  independent  of  the  nature  of  the  base  it  neu- 
tralises, but  Thomsen  found  that  the  avidity  of  sulphuric  acid 
varies  with  the  nature  of  the  base.  Taking  the  avidity  of 
hydrochloric  acid  as  the  standard,'  the  avidity  of  sulphuric 
acid  is  for 

2NaOH         2K0H         2NH,  MgO„H.,       MnO^H^  ZnO.,H, 

0-50        0-57        0-56        0-69        O-?!  0-73' 

FeOoH,        CoO,H.        NiO,H„  CuO^H^ 

0-75        0-77        0-78'  0-81 

Thomsen  has  ■  generally  determined  the  avidity  for  the 
equivalent  weight  of  the  acid,  i.e.  in  the  case  when  one  equiva- 
lent of  each  of  the  two  acids  experimented  on  acts  on  one 
equivalent  of  the  base  (generally  1  NaOH).  But  he  has  made 
an  exception  in  the  case  of  certain  polybasic  acids,  such  as  the 
phosphoric  acids, ^  which  unite  with  the  different  equivalents  of 
soda  required  for  their  neutralisation  with  unequal  force.  In 
such  cases  he  has  used  molecular  instead  of  equivalent 
weights. 

In  order  to  obtain  numbers  comparable  in  every  respect,  it 
is  advisable  to  determine  the  avidity  of  all  polybasic  acids  for 
equivalent  and  also  for  molecular  weights.  These  values  can 
easily  be  calculated  from  each  other.  If  =  n  .  Eq,  i.e.  if 
the  molecular  weight  is  n  times  the  equivalent  weight,  the 
value  of  y  is  deduced  from  the  equation  in  §  247,  in  which  we 
set  P  =  w  and  Q  =  1,  and  this  value  p  is  introduced  into  the 
equation  in  §  249  for  the  avidity, 

(Av)  =  i. 

X 

Then,  since  Q  —  1  =  0, 

p  _  —  (?i  +  1)  -h  \/4:X^n  +  {n  —  1)2 


2  {x^  -  1) 
and  for  the  molecular  avidity. 


rAv^   -      P     _    -  {n  +  I)  +  \/4x^n  +  (n  -  1)^ 
1  -  P      2a;2  -f-  w  -  1  -  Vixhi  +  (n  —  1) 
'  Thermochem.  Untcrs.  i.  143.        ^  pogg.  Ann.  1870,  cxl.  94  and  506. 


AVIDITY  477 

or,  if  the  avidity  of  the  equivalent  ^  =  (Av)a  =  A  replaces 

x^,  then   - — - 

_-{n  +  1)  A'^  +  A  V4n  +  ill  -  lYk\ 
(Av)m-  2  ^      _  1)     -  A  \/4n  +  {n  -  ly  h? 

and  for  the  special  cases,   

„         ,        -  3A2  +  A       +  A^ 
"  =  '    ^^^^-^       2-AV8  +  A^ 

-4A2  +  A  \/l2  +  4A2 
^  =  '  2-AVl2  +  4l^ 

,         ,       -  5A2  +  A  Vl6  +  9A2 
2-AVlTOA^~ 

§  251.  If  for  one  equivalent  of  sulphuric  acid  (1X12804)  w=2, 
(Av).  =  0-49  =- ,  and  =  4-165,  it  follows  that  p  =  0-45, 
1  _  p  =  0-55. 

If  we  bring  together  a  dilute  solution  of  one  equivalent  of 
soda  with  one  equivalent  of  nitric  acid  and  two  equivalents  or 
one  molecular  weight  of  sulphuric  acid,  the  following  changes 
take  place : — 

INaOH  +  IHNO3  +  IH2SO4 
=  0-55NaNO3  +  0-45  HNO3  + 0-45  (iNa^SOJ  +1-55  (iH^SOJ 
=  0-55  NaN03  +  0-45  HNO3+  0-45  NaHSO^  +.0-55  H^SO,. 

The  avidity  for  equal  molecular  weights  is 

and  the  coefficient  used  in  calculating  the  molecular 
avidity  is 

y^  =  f_4-V  =  1-48. 

If  we  let  X-  =  4,  and  (Av)a=0'5,  we  obtain  (Av)ji  =  0-84, 
and  ^■■^  =  1*38,  which  only  differs  slightly  from  the  above  re- 
sults. 

On  the  other  hand,  if  the  avidity  for  the  molecular  weight 


478  MODERN  THEORIES  OF  CHEMISTRY 

is  given,  it  is  easy  to  calculate  the  avidity  of  the  equivalent, 
e.g.  for  orthophosphoric  acid  Thomsen  found 

iW  =  H3PO4,  w  =  3,  (Av),i  =  0-24. 

i.e.  if  one  equivalent  of  soda  is  mixed  with  one  equivalent  of 
nitric,  and  one  molecular  weight  or  three  equivalents  of  ortho- 
phosphoric  acid  in  dilute  solution,  the  soda  is  distributed 
between  the  acids  in  the  ratio  of 

so  that  the  solution  contains 

0-81  NaNOg  +  0-19  HNO3  +  O-lONaH^PO^  +  0-81  H3PO4. 
or,  in  equivalent  weights, 

0-81NaNO3  +  0-19 HNO3  +  0-19  (iNagPOj  +  2-81  (iHgPOj, 

from  which  it  follows  that 

2     0-81  2-81 

"^oT9-o^  =  ^'-'' 

(Av)a  =  -  =^  0-13. 

X  I 

We  also  arrive  at  the  same  results  if  we  start  from  the 
following  considerations  :  If  we  mix  the  three  bodies  in  their 
molecular  proportions,  viz.  3  equivalents  of  phosphoric  acid 
to  1  equivalent  of  nitric  acid  and  1  of  soda,  the  solution  con- 
tains 

(iNaaPOj  +  p  (iH3P0,)  +  q'  NaN03  +  q  HNO3. 
The  coefficients  are  determined  by  means  of  the  equation 

p  +     =  3,    g  +  2'  =  1  =7/  +  g',    a;2  =        1 ; 

V  <1 

so  that  we  may  also  write 

/  (iNa3P0,)  +  (3  -  p')  m,VO,)  +  (1  -  p')  NaN03 

+  p'  HNO3, 

\,.2_3-/  1-p' 
dj  —  — - —  .  — . 

p  p 

But  if  we  use  molecular  weights,  and  take  into  considera- 
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tion  the  fact  that  in  reahty  only  the  acid  phosphate  is  formed, 
we  obtain  for  the  same  state  of  aquiUbrium  the  formula 
/  (NaH,PO.)  +  (1  -P')  H3PO,  +  (1  -  P')  NaN03  +  p'  HNO3, 


so  that 
and 


X 


_  1  -       1  -  / 


P' 


P' 


..^2=  {d-p')  :  a-p'), 


0-81 


Then  the  two  avidities  are 
(Av)  a  :  (Av)m  =  % 


X 


:Vs  -  p', 

In  the  same  way  we  obtain  for  an  acid  whose  molecular 
weight  is  equal  to  n  equivalents  the  general  formula 

(Av)„  :  (Av)m  =  Vr^'  :  -p\ 
m  which  p'  may  again  be  replaced  by  the  value  previously  ex- 
pressed by  p. 

§  252.  The  avidities  determmed  by  Thomsen's^  method 
are  given  in  the  followmg  table.  The  values  of  (Av)^  were, 
with  the  exception  of  phosphoric  acid,  determined  by  Thom- 
sen  ;  the  values  of  (Av)m,  oc",  and  have  been  calculated  by 
the  author  from  Thomsen's  results. 


Acids 


Nitric  . 
Hydrochloric 
Hydrobromic  ^ 
Hydriodic 
Sulphuric 
Selenic 
Oxalic  . 
Orthophosphi 
Citric  . 
Tartaric 
Hydrofluoric 
Acetic  . 
Boric  . 
Silicic  . 
Hydrocyanic 


one 


HNO3 
HCl 
HBr 
HI 
H,,SO, 
H,Se04 
H,C.,0, 
H,PO, 
H„C„H,0, 
H,C,H,0„ 

HF 
HC^.O., 
HBH,0., 
H,Si03 
HON 


1 
1 

0-89 
0-79 
0-83 
0-75 
0-40 
0-24 
0-09 
0-07 
0-05 
0-03 
0-01 
000 
000 


1 
1 

1-26 
1-60 
1-48 
1-78 
6-25 
17-86 
123-5 
204 
400 
1100 
10000 


1 
1 
1 
1 
2 
2 
2 
3 
3 
2 
1 
1 
1 
2 
1 


1 
1 

0-89 
0-79 
0-49 
0-45 
0-26 
0-13 
0-05 
0-05 
0-05 
0-03 
0-01 
0-00 
0-00 


1 
1 

1-26 
1-60 

4-  16 

5-  00 
14-8 
59-2 

400 
400 
400 
1100 
10000 


'  Fogg.  Ann.  cxl.  505. 

2  According  to  W.  Ostwald  (Journ.  f.  prakt.  Chcm.  [2]  1883,  xxviii.  474)  the 
avidity  of  HBr  and  HI  is  but  little  lower  than  that  of  HCl. 
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These  numbers  show  that  there  is  a  great  difference 
between  the  avidity  of  different  acids,  even  when  the  acids 
exhibit  a  close  similarity  in  their  other  properties.  The  diffe- 
rence between  hydrochloric  acid  and  the  other  three  halogen 
acids  is  very  striking.  The  high  avidity  of  nitric  acid  as  com- 
pared with  that  of  ordinary  phosphoric  acid  is  less  remarkable, 
in  spite  of  the  analogy  between  nitrogen  and  phosphorus  com- 
pounds, as  the  former  acid  is  monobasic,  and  the  latter  tri- 
basic  ;  but  even  metaphosphoric  acid  HPO3,  which  is  strictly 
analogous  to  nitric  acid,  appears  to  possess  only  a  small 
avidity.  As  the  acid  is  rapidly  converted  into  orthophosphoric 
acid  by  the  action  of  water,  its  avidity  cannot  be  accurately 
determined.  Oxalic  acid  has  a  much  larger  avidity  than  any 
other  organic  acid,  even  than  citric  acid. 

From  the  following  table,  containing  the  avidity  of  the 
acids  and  the  thermic  effects  ^  produced  by  neutralising  one 
equivalent  of  the  acid  by  soda,  it  is  easy  to  see  that  this  sup- 
posed measure  of  affinity  would  have  arranged  the  acids  in 
quite  a  different  order. 


Aciils 

Equivalent 

Thermic  effect 

Nitric  

HNO3 

1 

13680 

Hydrochloric 

HCl 

1 

13740 

Hydrobromic 

HBr 

0-89 

13760 

Hydriodic  .... 

HI 

0-79 

13675 

Sulphuric  .... 

AH.,SO, 

0-49 

15690 

Selenic  .... 

iH,;SeO, 

0-45 

15195 

Oxalic  .... 

|HX„0., 

0-26 

14140 

Orthophosphoric 

*h;po, 

0-13 

11343  2 

Citric  ..... 

*H,C„H,0, 

0-05 

12735 

Tartaric  .... 

iH.,C,H,0., 

0-05 

12655 

Hydrofluoric 

HFl 

0-05 

16270 

Acetic  .... 

HC.,H,0, 

0-03 

13115 

Boric  

HBb,H, 

0-01 

10005 

Silicic  .... 

iH,Si03 

0-00 

2710 

Hydrocyanic 

"  HON 

0-00 

2765 

Hydrofluoric  acid,  which  is  one  of  the  weakest  acids,  pro- 
duces the  greatest  thermic  effect.    Sulphuric,  selenic,  and 


'  Thomsen,  Thermochemische  XJntersiichungen,  i.  294  and  308.  The  heat  of 
neutralisation  is  also  given  in  Gmelin-Kraut's  Handbuch,  i.  p.  618  ;  A.  Nau- 
maun,  Thermochemie,  356. 

-  i.e.  ^  of  the  thermic  effect  (3NaOHAq,  H.,PO.,Aq).  The  first  equivalent  of 
soda  gives  14829  °,  Pogcj.  Ann.  1870,  cxl.  91  ;  Thcrmochem.  TJntersuchungen,  i. 
179. 
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oxalic  acids  also  produce  larger  thermic  effects  than  the  four 
strongest  monobasic  acids.  The  heat  of  neutralisation  of 
acetic  acid  is  within  96%  of  that  of  nitric  acid,  although  it  is 
only  capable  of  retaining  3  %  of  the  base. 

The  avidity  of  boric  acid  has  only  been  ascertained  ap- 
proximately. It  is  barely  one  per  cent,  of  the  avidity  of  nitric 
acid,  but  its  thermic  effect  is  73  %  of  that  of  the  latter  acid. 
The  avidity  of  silicic,  stannic,  chromic,  hydrocyanic,  and  other 
weak  acids  is  so  small  in  comparison  with  that  of  nitric  acid 
that  it  cannot  be  determined.  Menschutkin  '  states  that  this 
also  applies  to  the  avidity  of  several  bases,  e.g.  aniline  and 
other  substitution  products  of  ammonia  compared  with  the 
avidity  of  potash,  or  even,  in  certain  cases,  compared  with  that 
of  trimethylamine  or  ammonia.  Menschutkin  concludes  that 
the  law  of  the  action  of  mass  does  not  apply  in  this  case,  but 
the  author  does  not  consider  that  this  conclusion  is  justified. 

The  constant  of  af&nity  x  may  have  any  possible  value 

between  „  1  ,  1 

X  =  0,-  =  CO,  and  x  =  oo,—  =  0. 

X  X 

If  it  reaches  one  of  these  extremes,  then  the  reaction  will  cease 
to  be  reversible. 

The  theory  includes  even  the  most  extreme  case. 

It  is  very  difficult  to  decide  when  such  a  case  occurs. 
When  X  >  1,000,  or  even  x  >  10,000,  our  analytical  methods  are 
not,  as  a  rule,  sufficiently  accurate  for  the  purpose.  The  de- 
termination may,  however,  often  be  made  by  comparing  the 
avidity  of  an  acid  or  base  with  one  possessing  a  feeble  avidity 
instead  of  with  the  strongest. 

H.  Settegast  ^  found  the  avidity  of  chromic  acid  as  com- 
pared with  acetic  acid  to  be  too  small  for  measurement,  but 
it  is  measurable  when  compared  with  carbonic  acid. 

§  253.  It  is  not  only  the  thermic  changes,  but  also  other 
phenomena  which  accompany  and  vary  with  the  chemical 
reactions  that  can  be  used  for  determining  the  influence  of 
mass.    Thomsen's  experiments  induced  W.  Ostwald  ^  to  in- 

'  Ber.  d,  dexit.  chem.  Ges.  1883,  xvi.  315. 
Inavxj.  Dissertation,  Tubingen,  1878  ;  Wied.  Ann.  1879,  vii.  242. 

'  In  a  series  of  articles,  the  first  of  which  appeared  in  Pogg.  Ann.  1876, 
Erg.-Bd.  viii.  154.  The  remainder  after  1877  appeared  in  the  Jotcm.  f.  vrakL 
Chem. 

I  I 
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vestigate  for  this  purpose  the  changes  which  are  produced  in 
the  density,  and  consequently  in  the  volume  of  the  solutions 
by  the  reaction.  Although  these  changes  are  very  small  in 
dilute  solutions,  they  are  large  enough  to  be  measured  with 
sufficient  accuracy.  In  order  to  obtain  comparable  results, 
Ostwald  always  used  solutions  of  such  a  strength  that  one 
kilogrm.  of  solution  contained  one  equivalent  weight  in  grams 
of  the  given  substance.  For  example,  one  equivalent  of  potash, 
KOH  =  56  g.,  is  dissolved  in  944  g.  water,  and  the  volume 
occupied  by  the  1,000  g.  of  the  solution  is  found  to  be 
950-669  cbc*  One  equivalent,  NH3  =  17-0  g.,  dissolved  in 
983  g.  of  water,  on  the  other  hand,  occupied  a  space  of 
1007-44  cbc,  and  one  equivalent  of  HCl  =  36-4  g.,  982-406 
cc.  When  an  equivalent  of  this  acid  is  mixed  with  an  equiva- 
lent of  each  of  the  bases,  instead  of  obtaining 

982-406  +    950-668  =  1933-074  for  KOH, 
and        982-406  +  1007-440  =  1989-846  for  NH3, 

the  volumes  were 

1952-594  cc,  or  an  increase  of  19-52  cc.  for  KOH, 
and    1983-274  cc,  or  a  decrease  of  6:572  cc.  for  NH3. 

In  the  first  case  an  expansion,  in  the  second  a  contraction  has 
taken  place,  so  that  the  change  in  volume  shows  whether 
potash  or  ammonia  has  neutralised  the  acid. 

Solutions  of  polyvalent  corupounds  were  also  prepared 
containing  one  equivalent  in  grams  per  kilogrm.  The  mole- 
cular weight  of  a  dibasic  acid  was  diluted  with  water  to  two 
kilograms,  and  that  of  a  tribasic  acid  to  three  kilos.  Ostwald 
adopted  a  similar  method  for  salts. 

The  salt  of  a  monobasic  acid  was  prepared  by  mixing  to- 
gether one  kilogram  of  the  solution  of  the  acid  with  one  kilo- 
gram of  that  of  the  base,  so  that  one  equivalent  weight  of  the 
salt  is  contained  in  two  kilograms  of  the  solution,  and  the  neutral 
salt  of  a  dibasic  acid  in  four  kilograms  of  solution,  and  so  on. 

With  a  view  of  determining  the  influence  of  mass  Ostwald 
specially  investigated  the  changes  of  volume  which  take  place 

'  Ostwald  took  1-0017  cc.  of  water,  i.e.  1  gram  of  water  at  20°,  instead  of 
1  cbc,  i.e.  1  gram  of  water  at  4°,  as  the  unit  of  volume,  but  this  choice  of  unit 
does  not,  of  course,  influence  the  principle  of  the  method. 
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when  one  acid  is  mixed  with  the  salt  of  another  acid.  The 
following  results  were  obtained. 


Formula 

Volumes  before  the  reaction 

Volumes 
after 

Expansion 

K..SO,  +  H.,N..O„ 
K.,N.,0,  +  H:SO^ 

K,Cl2  +  H.,Sd, 

3863-50  + 1933-20  =  5796-70 
3876-23  + 1936-81  =  5813-04 
3863-50  +  1964-81  =  5828-31 
3907-06  + 1936-81  =  5843-87 

5810-70 
6810-67 
5841-39 
5841-77 

+  14-00 

-  2-37 
+  13-08 

-  2-10 

It  is  clear  from  these  and  many  other  observations  of 
Ostwald's  that  the  order  in  which  the  different  substances  are 
mixed  has  no  influence  on  the  nature  of  the  solution  obtamed. 
The  same  volume  is  obtained  whether  nitric  acid  is  added  to 
the  sulphate,  or  sulphuric  acid  to  the  nitrate.  It  is  also  ob- 
vious that  the  quantity  of  sulphate  decomposed  by  nitric  and 
hydrochloric  acids  is  much  larger  than  the  quantity  of  nitrate 
or  chloride  decomposed  by  sulphuric  acid,  for  in  the  former 
case  the  change  of  volume  is  +  14-0  or  +  13,  and  in  the  latter 
only  —  2-37  or  —2-10.  If  these  changes  depended  entirely  on 
the  given  reaction  they  would  serve  directly  as  a  measure  of 
the  reaction ;  the  degree  of  decomposition  would  be  propor- 
tional to  the  expansion.  If  the  sulphate  were  decomposed  by 
the  nitric  acid  the  expansion  would  be 

5813-04  -  5796-70  =  -h  16-34. 

But  as  the  observed  expansion  is  only  -|-  14*0,  the  degree  of 
decomposition  would  be 

^  =  0-857,  or  85-7  %. 

The  question  is,  however,  not  so  simple,  as  secondary  re- 
actions take  place  which  also  exert  an  influence  on  the  volume 
of  the  solution. 

Let  V  be  the  volume  which  the  solution  would  occupy  if 
all  the  base  was  converted  mto  nitrate,  and  Vg  the  volume  it 
would  occupy  if  the  base  was  converted  into  sulphate ;  then, 
in  the  previous  case,  V,  =  5813*04,  and  Vg  =  5796-70. 

Let  V,  be  the  expansion  produced  by  the  addition  of  nitric 
acid  to  the  sulphate,  and  the  (negative)  expansion  which 
really  occurs  on  mixing  the  nitrate  with  sulphuric  acid, 

=  +  14-0,  r,  =  -  2-37. 

!  I  2 
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If  p  equivalents  of  nitrate,  and  p  equivalents  of  sulphuric 
acid  are  contained  in  the  solution  in  both  cases,  we  have 

v^=p.(Y,-  V,)  +  ^,v,  =  (1  -p)  (V,  -  V,)  + 

where  f  indicates  the  expansion  due  to  secondary  reactions, 
which  is  the  same  in  both  cases. 

By  subtracting  one  equation  from  the  other  we  obtain 

•^l  -  '^2  =  ^1  ~  "^2. 

a  result  which  closely  agrees  with  experimental  results,  and  is 
also  obvious  from  theoretical  considerations,  for  the  expansion 
must  be  the  same,  whether  the  conversion  into  nitrate  takes 
place  at  once  or  in  two  stages  (first  p,  and  then  1  —  p  equivar 

lents) .    We  therefore  obtain  p  =  — ^  ,  from  which  the  value 

ofp  can  be  calculated  if  that  of  ^  is  known. 

Special  researches  have  shown  that  (just  as  in  Thomsen's 
investigations,  §  246)  secondary  reactions  of  considerable  in- 
fluence only  occur  between  certain  acids  and  their  own  salts, 
but  not  between  both  acids  or  both  salts.  These  secondary 
reactions  have  been  determined  experimentally.  They  are 
relatively  large  in  the  case  of  sulphuric  acid.  For  instance, 
Ostwald  found : 


Pormulte 

Volumes  before  the  reactions 

Volumes 
after 

Expansion  f 

K„S0,  +  1H..S04 
K.,SO^  +  H.,SO^ 
K",S0,  +  2H„S0., 
K.'SO^  +  4H.,S04 
K,S0,  +  8H.,S0., 

3863-5+    968-4  =  4831-9 
3863-5+  1936-81=  5800-31 
3863-5+  3873-62=  7737-12 
3863-5+  7747-24  =  11610-74 
3863-5  + 15494-48  =  19357-98 

4836-45 
5807-39 
7746-37 
11620-54 
19368-56 

+  4-55 
+  7-09 
+  9-25 
+  9-80 
+  10-58 

The  corresponding  action  of  nitric  acid  was  found  to  be 
too  small  for  measurement.  The  value  of  p  cannot  be  directly 
derived  from  the  equation  in  the  preceding  paragraph,  because 
^  varies  with  p.  By  systematically  trying  different  values  for 
p,  and  replacing  the  Corresponding  values  of  |  obtained  by 
interpolation  from  the  preceding  table,  Ostwald  found  that 
p  =  0-667,  and  1  -  p  =  0-333. 

These  investigations  lead  to  exactly  the  same  results  as 
J.  Thomsen  obtained  in  his  thermochemical  research,  viz. 
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when  equivalent  quantities  of  nitric  and  sulphuric  acids  act 
on  one  equivalent  of  potash,  the  nitric  acid  combines  with 
twice  as  much  of  the  base  as  the  sulphuric  acid  does.^ 

§  254.  Ostwald  has  determined  the  relative  affinity  (identi- 
cal with  Thomson's  avidity)  _  ^     =-,  of  a  series  of  acids 

1  —  p  X 

and  bases  at  20°,  and  also  the  effect  of  an  increase  in  tem- 
perature on  the  sodium  salts.  His  observations  gave  the 
following  results : — 


Eelative  ArFiNiTT  (Avidity). 


T?n  coo 

XTUlabil  .... 

0-667 
0-333  -  ^ 

0-659  , 

—  1-Q4 
0-341  -  ^ 

1"94     „  „ 

 fl-Q7 

2-00  -  "  ^' 

Soda  .... 

0-667 

0-333  -  2  00 

'•^''^  1-92 
0-343  -  ^•^'^ 

1-92 

2^  =  0-96 

Ammonia 

0-652 
0-848  -  ^ 

0-356  -  ^ 

1-81 

rss  =  0-96 

Magnesia 

0-638 

0-362  -  1  76 

0-635 

0-365  -  1  '4 

1-74 

r76  =  099 

Zinc  oxide  . 

0-617 

0-383  -  1  61 

^•^^^  1-53 
0-395  - 

1-53 

rei  =  0-95 

Copper  oxide 

0-409  -  ^ 

0-584 

0-416  -  1-^0 

1-40 

rs  =  0-97 

Soda    0°     .      .  . 

0-655 

0-345  -  1  90 

0-659 

0-841  -  1  93 

1-93 

rgo  =  1-02 

„    20°     .       .  . 

0-667 
0-333  -  ^ 

^'^^^  -  1-92 
0-343  - 

1-92 

2^  =  0-96 

„    40°     .       .  . 

0-669 
0-331  -  ^ 

0-666 

0-334  -  1  99 

1-99 

2^  =  0-98 

„    60°     .      .  . 

0-703 
0-297  -  ^ 

0-703 

0-297  -  2  37 

2-37 

2^  =  1-00 

The  numbers  in  the  fourth  column  are  calculated  from 
those  in  the  second  and  third  columns,  because  they  cannot 
be  directly  determined  with  sufficient  accuracy  from  the  very 
small  changes  in  volume. 

The  table  shows  that  the  avidity  of  nitric  and  of  hydro- 
chloric acids,  as  compared  with  that  of  sulphuric  acid,  in- 
creases with  the  strength  of  the  base,  and  with  the  tempera- 
ture.   On  the  other  hand,  the  relative  avidity  of  hydrochloric 

'  Vide  J.  Thomsen's  Thennochem,  Untersuch.  i.  148. 
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and  nitric  acids  is  constant.  Ostwald  deduces  from  these  and 
from  another  series  of  experiments  the  rule  that  the  avidity  is 
constant.  A  few  acids,  more  particularly  sulphuric  acid,  on 
account  of  its  peculiar  nature,  form  exceptions  to  this  law. 
Berthelot  and  Pean  de  Saint  Gilles  '  have  proved  that  the 
limit  of  etherification  is  constant  within  a  wide  range  of  tem- 
perature. Hence  it  appears  that  avidity,  or  Guldberg-Waage's 
constants  of  affinity,  are  independent  of  temperature. 

The  avidity  of  most  acids  has  been  proved  to  be  inde- 
pendent of  the  nature  of  the  base.  Avidity,  therefore,  appears 
to  be  a  characteristic  constant  for  each  acid. 

§  255.  In  the  same  way  Ostwald  has  determined  the 
avidity  of  other  acids  from  the  change  in  volume  which  re- 
sults on  mixing  one  of  the  acids  with  an  equivalent  quantity 
of  the  salt  of  another. 

The  following  results  were  obtained  for  a  series  of  mono- 
basic acids  : — 


Salt  of 

Free  acid 

Percentage  of  salt  decomposed 

Potash 

Soda 

Ammonia 

Mean 

1 

Dichloracetic  acid  . 

Nitric 

77 

77 

75 

76 

2 

>)             )>  • 

Hydrochloric  . 

74 

75 

73 

74 

3 

1)             11  • 

Trichloracetic  . 

72 

71 

71 

71 

4 

)i             ))  • 

Lactic 

8 

9 

11 

9 

5 

Monochloracetic , ,  . 

Trichloracetic  . 

92 

92 

92 

92 

6 

Formic             ,,  . 

97 

96 

97 

97 

7 

»»                  )»  • 

Lactic 

43 

46 

48 

46 

8 

)>                  ))  • 

Acetic 

25 

23 

23 

24 

9 

)>                 )i  • 

Butyric 

21 

21 

19 

20 

10 

Isobutyric 

19 

19 

18 

19 

11 

Butyric             ,,  . 

Acetic 

54 

52 

53 

53 

12 

Isobutyric          „  . 

1)          •  • 

56 

51 

53 

53 

13 

Propionic          ,,  . 

Formic 

78 

80 

79 

79 

14 

Glycolic            ,,  . 

43 

44 

45 

44 

In  order  to  compare  the  avidities  of  all  the  acids  and  refer 
them  to  the  same  unit  of  comparison,  Ostwald  calls  the  avidity 
of  nitric  acid  100,  AvCHNOg)  =  100. 

Then  that  of  hydrochloric  acid  (from  1  and  2)  is 


Av(HCl)  =  100  .  ^  =  98, 

'  Ami.  CJiivi.  Phys.  [3]  1863,  Ixviii.  234.    Vide  §  243. 
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and  for  dichlor  acetic  acid,  du'ect  from  1 

24 

AvCHC^HCl^O^)  =  100  .      =  32, 
or,  by  comparison  with  hydrochloric  acid,  from  1  and  2, 

Oft 

Av(HC,HCl,02)  =  98  .  ^  +  34. 

The  mean  is  therefore  33. 

For  trichloracetic  (3)  and  lactic  acid  (4)  we  have 

Av(HC,Cl30,)  =  33  •  ^  =  80, 
Av(HC3H,03)  =  33  .  ^  =  3-3. 

In  the  same  way  we  can  calculate  the  avidity  of  mono- 
chloracetic  acid  from  trichloracetic,  and  that  of  formic  acid 
and  the  other  organic  acids  from  lactic. 

It  is  important  to  remember  that  the  accuracy  of  the  re- 
sult is  diminished  when  there  is  a  great  difference  between 
the  divisor  and  the  number  divided.  For  example,  the  avidity 
of  formic  acid,  calculated  from  3  and  6, 

AvCHCHO^)  =  80  .  -1  =  2-5, 

and  from  4  and  7, 

Av(HCH02)  =  3-3  .  II  =  3-9. 

The  latter  result  is  the  more  accurate. 

In  this  way  Ostwald  calculated  the  following  table  of 
avidities,  which  he  does  not  regard  as  perfectly  accurate,  but 
sufficiently  so  to  give  the  acids  in  their  correct  order. 


Acids 

Avidity 

Acids 

Avidity 

Nitric 

Hydrochloric  . 
Trichloracetic  . 
Dichloracetic  . 
Monochloracetic 
Tartaric  . 
Glycolic  . 
Formic 

HNO3 
HCl 
HC.ClaO,, 
HC.HCl^O. 
HC,,H,,C10^ 
iH,C,H,0, 
HC2H3O3 
HCHO, 

100 

98 

80 

33 
7-0 
5-2 
5-0 
3-9 

Lactic  . 
Malic  . 
Succinic 
Acetic  . 
Propionic 
Butyric . 
Isobutyi'ic 

HC3H5O3 

HC2H3O2 
HC3H5O2 
HC,H,Oj 
HC,H,0, 

3-3 

2-82 

1-45 

1-23 

1-04 

0-98 

0-92 
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§  256.  These  numbers  show  in  a  very  instructive  manner 
the  influence  which  the  nature,  number,  and  arrangement  of 
the  atoms  exert  on  the  avidity  of  the  acids. 


Ji.  VlULlLj 

Acid 

Avidity 

Formic 
Diiference 

HOCOH 
CH, 

3-9 
2-67 

Propionic  . 
Difference 

HOCOCHXHa 
0 

1-  04 

2-  3 

Acetic  . 
Difference 

HOCOCH 
CH. 

019 

TT  A A    XT /r\  TT\  TT 

xlUOUL/ll(U  Mj  L/Mg 

3-3 

Propionic  . 
Difference 

HO  .  COC2H5 
CH, 

1-04 
0-06 

Acetic 
Difference 

HOCOCH3 
-H  +  Cl 

1-2 

5-8 

Butyric 

HOCOC,H, 

0-98 

Monochloracetic 
Difference 

HOCOCH.Cl 
-H  +  Cl 

7-0 

26 

Acetic 
Difference 

HOCOCH3 
0 

1-23 
3-8 

Dichloracetic  . 
Difference 

HOCOCHCI^ 
-H  +  Cl 

33 
47 

Glycolic  . 

HOCOCH.pH 

5-0 

Trichloracetic  . 

HOCOCCI3 

80 

The  avidity  is  diminished  by  additional  carbon  atoms  com- 
bined with  hydrogen.  It  is  considerably  increased  by  an 
addition  of  oxygen,  by  the  substitution  of  OH  for  H,  but  a 
much  larger  increase  occurs  when  hydrogen  is  replaced  by 
chlorine.  It  is  very  remarkable  that  the  first  chlorine  atom 
increases  the  avidity  of  acetic  acid  by  5-8,  the  second  by  26, 
and  the  third  by  47.  This  must  be  due  to  the  hydrogen 
exerting  an  opposite  action  to  the  chlorine.  The  two  atoms 
of  H  neutralise  to  a  great  extent  the  action  of  the  one  atom  of 
chlorine  in  monochloracetic  acid.  The  one  atom  of  hydrogen 
in  the  presence  of  two  chlorine  atoms  in  the  dichloracetic 
acid  exerts  a  much  smaller  action,  and  in  the  trichlorinated 
acid  this  neutralising  action  ceases.  At  the  present  time  the 
law  of  these  opposing  influences  cannot  be  formulated. 

The  protest  which  Berzelius  raised  in  the  well-known  dis- 
cussion with  Dumas  and  his  school  against  the  doctrine  that 
the  chlorine  in  trichloracetic  acid  '  plays  the  same  part '  as  the 
hydrogen  in  acetic  acid,  is  to  a  certain  extent  justified  by  the 
existence  of  this  fact.  Now  that  the  extreme  views  formerly 
held  by  each  of  the  two  opposing  parties  have  given  place  to 
more  impartial  oiDinions,  no  one  will  deny  that  the  same 
electronegative  nature  of  chlorine  which  causes  hydrochloric 
acid  to  be  an  acid  also  causes  trichloracetic  acid  to  be  so 
much  more  powerful  an  acid  than  the  analogously  constituted 
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acetic  acid.  It  also  confirms  the  soundness  of  the  view  that 
it  is  the  position  of  the  atoms  which  determines  their  influence 
on  the  properties  of  the  compound  ;  for  even  the  three  chlorine 
atoms  in  trichloracetic  acid  cannot  produce  an  acid  which  is 
so  strong  as  hydrochloric  acid,  obviously  because  in  the  latter 
case  the  chlorine  is  directly  combined  with  the  hydrogen,  but 
in  the  former  it  is  only  indirectly  combined. 

§  257.  In  addition  to  the  changes  in  volume  which  accom- 
pany the  neutralisation  of  different  acids,  Ostwald  '  made  use 
of  the  changes  in  refractive  power,  in  order  to  investigate  the 
distribution  of  a  base  between  two  acids.  The  investigation 
was  conducted  in  a  similar  manner  to  that  of  the  preceding 
research.    It  yielded  the  following  results : — 


Salt  of 

Free  acid 

Percentage  of  salt  decomposed 

K,0 

Na,0 

NH^ 

Mean 

Dichloracetic  acid 

Nitric 

80 

81 

78 

80 

Hydrochloric  . 

80 

73 

71 

75 

_ »  >' 
Lactic  „ 

Dichloracetic  . 

88 

91 

90 

90 

)) 

Formic    .  ,  . 

69 

63 

55 

59 

Trichloracetic  „ 

Monochloracetic 

10 

9 

11 

10 

Propionic  „ 

Formic  . 

80 

79 

74 

78 

Butyric  „ 

,)  ... 

73 

75 

79 

76 

Isobutyric  „ 
Formic  „ 

)» 

74 

74 

73 

74 

Isobutyric 

26 

26 

25 

26 

Acetic 

Butyi'ic  . 

38 

50 

30 

39 

,1  1) 

Isobutyric 

31 

45 

44 

40 

These  results  agree  with  the  preceding  results  quite  as 
closely  as  could  be  expected  when  two  totally  different  experi- 
mental methods  are  employed. 


Volumetric 

Optical 

Dichloracetic  acid  :  Nitric  acid  . 

„                    :  Hydrochloric  acid" 

„             ,,     :  Lactic  acid 
Trichloracetic  acid  :  Monochloracetic  acid  . 

=  24  :  76 
=  26  :  74 
=  91 :  9 
=  92  :  8 

20  :  80 
25  :  75 
90  :  10 
90 : 10,  &c. 

The  volumetric  results  must  be  regarded  as  the  more  exact. 
Their  accuracy  is  confirmed  ^  by  those  deduced  from  the  optical 


'  Dissertation  on  VolumcJiemische  und  optiscJichemische  Shidien,  Dorpat, 
1878,  35  ;  Journ.  f.  prakt.  Chem.  1878,  xviii.  328. 

*  Ostwald,  Dr.  Diss.  27  ;  Journ.  f.  prakt.  Chem.  xviii.  352. 
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method.  The  coefficients  of  affinity  of  coloured  acids  and  salts 
may  also  be  determined  by  quantitative  spectrum  analysis.^ 

§  258.  The  values  of  the  avidities  determmed  by  either  of 
these  methods  give  rise  to  some  remarkable  comparisons.^  As 
a  rule,  the  larger  the  avidity  of  an  acid,  the  larger  will  be  the 
expansion  which  accompanies  the  neutralisation  of  the  acid, 
although  one  would  be  inclined  to  assume  that  the  stronger 
acid  would  attract  the  base  more  closely,  and  therefore  cause 
a  contraction.  In  the  followmg  table  the  expansion  on  neu- 
trahsing  acids  by  potash  and  ammonia  is  expressed  according 
to  the  standard  given  in  §  263. 


Acid 

Expansion  on  neutralisation  with 

Avidity 

KOH 

Difference 

Nitric  .... 

100 

+  20-05 

-  6-44 

26-49 

Hydrochloric 

98 

19-52 

-  6-57 

26-09 

Trichloracetic 

80 

17-36 

-  8-67 

25-93 

Dichloracetic 

33 

12-95 

-12-98 

25-93 

Monochloracetic  . 

7-0 

10-85 

-15-09 

25-94 

Glycolio 

5-0 

9-62 

-16-50 

26-12 

Formic  .... 

3-9 

(12-36) 

-(13-60) 

25-96 

Lactic  .... 

3-3 

8-27 

-17-74 

26-01 

Acetic  .... 

1-23 

(9-52) 

-  (16-26) 

25-78 

Propionic 

1-04 

7-83 

-17-82 

25-65 

Butyric  .... 

0-98 

7-01 

-18-63 

25-64 

Isobutyric 

0-92 

6-30 

-19-27 

25-57 

With  increasing  avidity  the  expansion  on  neutralisation 
with  potash  increases,  and  the  contraction  (negative  expansion), 
with  ammonia  decreases. 

The  stronger  the  acid,  the  larger  the  expansion,  or  the 
smaller  the  contraction  will  be.  In  the  middle  of  the  table 
formic  and  acetic  acids  are  exceptions  to  the  rule  if  they 
are  compared  with  their  immediate  neighbours,  but  are  not 
exceptions  when  compared  with  more  distant  acids  in  the 
table. 

The  expansion  which  the  solutions  of  strong  acids  and 
bases  experience  on  neutralisation  is  supposed  by  Miiller 
Erzbach  ^  to  be  due  to  the  fact  that  the  free  bases  and  acids 
give  a  greater  contraction  with  water  than  their  salts  do. 

•  H.  Settegast,  Inaug.  Diss.  Tiibingeii,  1878  ;  Wied.  Ann.  1879,  242. 
^  Ostwald,  Jotmi.  f.  praM.  Chem.  [2]  xviii.  363  ;  Di:  Diss.  38. 

*  Programm  Nr.  606  der  Hauptsclmle  m  Bremen,  1879,  26 ;  Liebig's 
Annalen,  1883,  ccxxi.  127. 
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Both  Ostwald's  and  Thomsen's  researches  (§  252)  show 
that  the  heat  of  neutralisation  frequently  sinks  when  the 
avidity  increases,  and  vice  versa.  For  example,  the  avidity  of 
the  organic  acids  GA^O^  diminishes  with  an  increase  in  the 
molecular  weight,  but  theii-  heat  of  neutrahsation  mcreases 
(§  224). 

§  259.  Laws  similar  to  those  which  hold  good  for  dilute 
solutions  govern  the  influence  of  mass  in  gases ;  but,  although 
it  was  in  this  field  of  research  that  the  new  investigation  of 
the  action  of  mass  was  commenced  by  Bunsen's  work  (§  240) 
'  On  the  Eelative  Affinity  of  different  Gases  for  Oxygen,'  which 
was  afterwards  followed  by  a  series  of  investigations,  the  laws 
of  the  action  of  mass  for  gases  have  not  been  ascertained  with 
the  same  degree  of  accuracy  as  the  laws  dealing  with  sub- 
stances in  solution.    This  may  probably  be  explained  by  the 
fact  that  only  one  form  (which  is  by  no  means  the  simplest) 
of  the  problem  has  been  investigated.  E.  v.  Meyer,i  Horst- 
mann,2  ^nd  K.  Botsch,^  following  in  Bunsen's  '  footsteps,  have 
investigated  the  distribution  of  oxygen  (in  insufficient  quantity 
for  complete  combustion)  between  two  different  combustible 
gases.    The  mixture  was  ignited  by  an  electrie  spark,  and  the 
products  of  combustion  estimated.    The  influence  of  mass  is 
very  obvious  :  an  increase  of  one  of  the  combustible  gases  is 
always  accompanied  by  an  increase  in  its  products  of  combus- 
tion. But  the  law  affecting  this  increase  is  not  clearly  known. 
Horstmann  found  that  with  a  constant  percentage  of  oxygen 
in  the  mixture,  and  varying  amounts  of  the  two  combustible 
gases,  that  the  ratio  between  products  of  combustion  is  pro- 
portional to  the  ratio  of  the  unburnt  substances.  In  this  case 
the  law  of  Guldberg  and  Waage  would  hold  good,  and  the 
mixture  formed  by  the  incomplete  combustion  of  carbon 
monoxide  and  hydrogen, 


'  Journ.  f.  prakt.  Chem.  [2]  x.  273  ;  xiii.  126  ;  xviii.  290. 
2  Lieb.  Ann.  1878,  cxc.  228  ;  Ber.  d.  deut.  chem.  Oes.  1877,  x.  1626  ;  1879, 
xii.  64. 

'  Inaug.  Diss.  Tubingen,  1881 ;  Lieb.  Ann.  ccx.  207. 

*  Lieb.  Ann.  1853,  Ixxxvx  137  ;  Gasom.  Methode,  2.  Aufl.  340. 
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is  determined  by  the  equation 


.2  _  2?  _q 


p  +  p'  =  'P,  q  +  q'  =  Q,  p'    q'  =  20, 

when  P,  Q,  and  0  indicate  the  volumes  of  hydrogen,  carbon 
monoxide,  and  oxygen.  The  coefficient  cannot  correctly  be 
called  a  constant,  as  it  not  only  varies  with  the  ratio  of 
0  :  (P  +  Q),  but  also  with  the  temperature  at  which  the  mix- 
ture is  ignited,  with  the  pressure,  and  even  with  the  dimen- 
sions of  the  eudiometer  employed.  Nevertheless,  the  law  of 
Guldberg  and  Waage  may  hold  good  for  all  cases  which  are 
strictly  analogous  to  those  discussed  in  the  preceding  para- 
graphs. 

The  simultaneous  combustion  of  two  gases,  e.g.  hydrogen 
and  carbon  monoxide,  with  free  oxygen,  is  a  less  simple  pro- 
cess than  the  decomposition  of  the  salt  of  one  acid  by  another 
acid  ;  for  in  the  latter  case  only  two  reactions  hold  each  other 
in  equilibrium,  but  in  the  former  four  different  reactions  are. 
possible,  viz.  the  oxidation  of  each  of  the  two  gases  by  oxygen, 
and  the  reduction  of  each  of  the  products  of  combustion  by 
the  excess  of  the  other  combustible  gas : 


Only  the  two  last  reactions  are  strictly  analogous  to  those 
we  have  been  considering,  and  it  has  not  even  been  ascertained 
with  certainty  whether  they  do  take  place  to  any  considerable 
extent  in  the  short  moments  of  ignition.  The  possibility  of 
such  a  reaction  has  no  doubt  been  proved  experimentally. 
The  law  of  Guldberg  and  Waage  could  in  all  probability  be 
more  easily  confirmed  by  exposing  the  mixture  of  Hg  and  CO^ 
or  HgO  and  CO  for  a  longer  time,  at  a  sufficiently  high  tem- 
perature. Under  these  conditions  the  results  may  be  quite 
different  from  those  obtained  by  exploding  and  at  once  cooling 
the  mixture.  For  example,  Botsch^  has  shown  that  when 
hydrogen  is  exploded  with  a  mixture  of  chlorine  and  oxygen, 
it  only  combines  with  the  former ;  but,  on  the  other  hand. 


2H2  +  O2  =  2H2O 
200  +  0,,  =  2C0„ 


H2  +  CO,  =  H2O  +  CO 
CO  -f-  H2O  =  CO2  +  H2 


'  S  230. 
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when  oxygen  and  hydrochloric  acid  are  passed  through  red- 
hot  tubes,  the  oxygen  takes  away  a  portion  of  the  hydrogen 
from  the  chlorine. 

§  260.  Berthollet  has  pointed  out  that  the  action  of  mass 
is  materiaUy  influenced  by  the  state  of  aggregation  of  the 
bodies  taking  part  m  the  reaction,  and  of  the  products  of  the 
double  decomposition.  But  as  he  directed  his  attention  more 
especially  to  the  changes  which  take  place  in  solutions,  he  was 
of  opinion  that  when  one  or  more  of  the  combinations  pro- 
duced by  the  mutual  action  of  the  substances  in  solution,  is 
insoluble  or  sparingly  soluble,  and  separates  out  in  the  sohd 
or  gaseous  state,  these  msoluble  compounds  will  be  the  chief, 
in  many  cases  the  sole  products. 

Berthollet  explained  these  facts  by  assuming  that,  in  the 
first  case,  all  the  possible  combinations  are  produced,  the  in- 
soluble compounds  are  precipitated,  the  gaseous  compounds 
escape.  The  state  of  equilibrium  is  disturbed,  and  conse- 
quently new  quantities  of  the  insoluble  products  continue  to 
be  formed  so  long  as  'there  is  sufficient  material  present  for 
their  formation.  This  hypothesis  corresponds  in  its  main 
featm-es  with  the  results  of  observation,  but  it  is  erroneous  in 
regarding  a  substance  deposited  from  a  solution  in  the  solid 
form  as  perfectly  devoid  of  action.  We  know  that  a  precipi- 
tate may  act  to  a  greater  or  less  degree  on  the  substances 
which  remain  in  solution,  and  consequently  it  does  not  cease 
to  influence  the  condition  of  the  liquid  mixture. 

The  chemists  who  followed  Berthollet  in  the  investigation 
of  this  subject,  more  especially  Debus  and  Chizinski,  devoted 
their  attention  to  the  influence  which  a  precipitate  exerts  on 
the  composition  of  the  liquid  m  which  it  is  formed.  Debus 
investigated  the  precipitation  of  lime  and  baryta  by  a  small 
quantity  of  carbonic  acid,  which  was  far  from  sufficient  for 
their  complete  precipitation.  Chizinski  also  investigated  the 
precipitation  of  calcium  and  magnesium  chlorides  by  small 
quantities  of  ammonium  phosphate. 

They  proved  beyond  doubt  that  the  amount  of  one  or  other 
of  the  two  bases  in  the  precipitate  increases  and  dimmishes 
with  the  relative  amount  of  that  substance  in  the  solution, 
and  that  each  of  the  bases  investigated  can  by  its  mass  gra- 
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dually  displace  the  other  from  the  precipitate.  They  could 
not  find  a  simple  law  for  the  relation  existing  between  the 
composition  of  the  precipitate  and  that  of  the  solution. 

Guldberg  and  Waage  were  the  first  to  accomplish  this  ob- 
ject. They  reversed  the  problem  and  investigated  the  action 
of  a  precipitate  formed  in,  or  brought  into  a  solution  on  the 
dissolved  salts.  They  found  that  the  state  of  equilibrium  is 
chiefly  determined  by  the  condition  of  the  substances  remain- 
ing in  solution  and  that  the  quantity  and  composition  of  the 
precipitate  (within  very  wide  limits)  exerts  no  influence  if 
neither  of  the  undissolved  compounds  is  present  in  very  minute 
quantities. 1  If  the  necessary  minimum  is  present,  the  quantity 
may  be  considerably  increased  without  affecting  the  state  of 
equilibrium.  Guldberg  and  Waage  therefore  used  the  equa- 
tion in  §  242,     ^,  =  ^,  in  which  the  coefficients  of  the  in- 

soluble  compounds  are  assumed  to  be  constant. 

§  261.  The  simplest  case  for  consideration  is  when  two  of 
the  substances  are  insoluble,  e.g.  two  salts  of  one  of  the  acids 
or  bases  in  question.  In  this  case  p'  and  q'  are  constant,  but 
not  equal,  and  p  =  q  .  const. 

Each  of  the  soluble  substances  acts  continuously  on  one  of 
the  two  insoluble  compounds,  and  equilibrium  is  produced 
when  the  decompositions  effected  by  the  former,  and  that 
produced  by  the  latter,  in  the  same  space  of  time  are  equal. 

Both  decompositions  are  independent  of  the  quantity  of 
the  insoluble  compound ;  they  must,  therefore,  be  proportional 
to  the  quantity  of  substance  in  solution.  If  the  carbonates 
and  sulphates  of  potassium  and  barium  are  the  four  com- 
pounds, then  the  quantities  p  .  K2SO4  and  qliJJO^  remaining 
in  solution  are  determined  by  the  equation  'y  -  p  =  q,  assum- 
ing, of  course,  that  sufficient  BaSO^  and  BaCOg  remam  in 
contact  with  the  solution  to  permit  of  this  state  of  equilibrium 
being  established.  A  very  long  time  is  frequently  required  to 
brmg  about  the  state  of  equilibrium. 

Experiments  with  boiling-hot  tolerably  dilute  solutions 
gave  the  following  results  :  7  =  4,  g  =  ^j). 

This  equation  means,  then,  that  the  insoluble  BaCOg  is 

'  Journ.  f.  prakt.  Chem.  [2]  xix.  89. 
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decomposed  by  K,SO,  four  times  as  rapidly  as  the  sulphate 
BaSO,  is  decomposed  by  K,CO,.  Experiments  especially 
directed  to  the  mfluence  of  time  on  these  decompositions  con- 
firmed the  conclusion  that  the  former  decomposition  takes 
place  much  more  rapidly  than  the  latter.  The  coefficient  7  is 
not  invariable  ;  on  the  contrary,  its  value  changes  with  the 
temperature,  with  the  quantity  of  the  solvent,  and  occasionally 
with  the  condition  of  the  precipitate,  whether  it  is  crystalKne 
or  amorphous,  whether  it  was  precipitated  hot  or  cold,  whether 
it  has  been  previously  dried,  or  whether  it  has  been  kept 
moist,  &c.  This  is  perfectly  obvious,  since  all  these  external 
conditions  influence  the  action  of  the  bodies  in  solution  on  the 
insoluble  compounds.  Their  influence,  as  a  rule,  varies  with 
the  nature  of  the  substances. 

In  the  example  given,  7  increases  considerably  with  the 
quantity  of  the  solvent,  and  decreases  with  a  rising  tempera- 
ture.   We  can  therefore  conclude  that  the  reaction 


is  less  delayed  by  diluting  the  solution  and  less  facilitated  by 
increasing  the  temperature  than  the  reverse  reaction. 


The  dilute  solution  contains  more  carbonate  in  proportion  to 
sulphate  than  the  concentrated  solution,  and  the  cold  more 
than  the  hot  solution  does. 

§  262.  The  exact  determination  of  the  coefficient  7  is  diffi- 
cult, especially  when  the  state  of  equiUbrium  is  very  slowly 
attained.    Guldberg  and  Waage  ^  left  the  mixtures 


at  a  temperature  of  3°  for  more  than  a  year,  and  then  found 
the  solutions  contained 


+  BaCOa  =  BaSO^  +  K,CO, 


I.  lBaS04  +  IK2CO3  +  lOOH^O, 
II.  IBaCOg-hlK^SO.  +  lOOH^O, 


I. 


11. 


0-959  K2CO3 
0-041  K2SO, 
7  =  23-4 


0-929  K2CO3 
0-071  K,SO, 
7  =  13-1 


'  Etudes,  &c.,  p.  18. 
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Equilibrium  had  evidently  not  been  established.  The 
correct  value  of  7  lies  between  these  values,  as  it  has  been 
shown  that  the  final  state  of  equilibrium  is  indei^endent  of  the 
original  form  in  which  the  bodies  are  combined.  Increasing 
the  quantity  of  the  insoluble  body,  and  raising  the  tempera- 
ture, hastens  the  establishment  of  the  state  of  equihbrium  ; 
diminishing  the  solvent  generally  has  the  same  effect,  but 
occasionally  the  reverse.^ 

Guldberg  and  Waage  obtained  the  following  results  at  the 
temperature  of  the  boiling-point  of  the  mixtures  in  t  hours : — 


K2CO3 

2 

n 

t 

7 

P 

01 

t 

7 

0-27 

0-73 

66-67 

36 

2-6 

0-24 

0-76 

100 

70 

3-2 

0-28 

0-72 

100 

72 

2-6 

0-18 

0-82 

500 

70 

4-6 

0-20 

0-80 

500 

403 

4 

0-16 

0-84 

1000 

79 

5-8 

(0-30) 

(0-70) 

1000 

45 

2-3 

The  state  of  equilibrium  was  far  from  being  attamed  in 
the  last  experiments ;  in  the  others  it  had  been  approximately 
reached.  This  shows  that  7,  i.e.  the  quantity  of  carbonate, 
increases  with  the  quantity  of  water  without  reaching  the 
limits  found  at  the  lower  temperature  23  >  7  >  13. 

The  authors  obtained  similar  numbers  when  they  substi- 
tuted sodium  for  potassium  salts.  James  Morris  ^  has  investi- 
gated the  mutual  action  between  the  carbonates  and  chro- 
mates,  and  the  carbonates  and  sulphates  of  potassium  and 
barium  by  a  somewhat  different  method.  He  ascer tamed  the 
composition  of  the  precipitates  which  were  produced  by 
barium  chloride  in  a  mixture  of  these  potassium  salts.  He 
found  the  ratio  of  the  carbonate  (g)  to  the  chromate  {'p) 
remaining  m  the  solution,  at  the  ordinary  temperature,  to  be 

7  =  ^  =  10,  in  round  numbers. 
P 

If  the  precipitate  is  left  in  the  solution  the  quantity  of 
carbonate  in  the  solution  is  increased  as  a  portion  of  the  un- 

'  The  precipitation  of  barium  as  chromate  takes  place  more  rapidly  in 
dilute  solutions  (Ostwald,  Jour7i.  f.  prakt.  Chcm.  [2]  1880,  xxii.  259). 
-  Iiiaug.  Diss.  Tiibingen,  1879  ;  Annalen,  1882,  ccxiii.  253. 
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decomposed  K.^CrO^  is  gradually  changed  into  BaCrO^.  At 
100°  the  precipitate  contains  much  more  carbonate  ;  the  mean 
value  of  7  was  found  to  be  3-75,  but  the  results  of  different 
experiments  varied  considerably.  In  the  case  of  carbonate 
and  sulphate  Morris  found  that  7  was  very  slightly  influenced 
by  the  temperature.  The  mean  of  the  results  for  cold  solu- 
tions is  7  =  3*5,  and  7  =  3- 2  for  boiling  solutions. 

The  values  are  but  slightly  affected  by  a  moderate  change 
in  the  quantity  of  the  solvent.  The  errors  of  experiment  may 
affect  these  results  to  a  considerable  extent,  as  the  composition 
of  the  liquid  is  calculated  from  the  analysis  of  the  precipitate. 
These  values  for  7  must  be  regarded  as  only  approximate. 

In  a  research  on  the  mutual  action  between  the  carbonates 
and  oxalates  of  the  alkaline  earths  and  those  of  sodium,  W. 
Smith  1  found  that  for  each  of  the  metals  Ca,  Sr,  Ba,  the 
power  of  combining  with  oxaUc  acid  diminishes,  and  that  of 
uniting  with  carbonic  acid  increases,  with  the  value  of  the 
atomic  weight  of  the  metal.  This  is  true  at  all  temperatures. 
Lead,  like  barium,  unites  with  more  carbonic  than  oxaHc  acid. 


Na^CO:,  formed  from  Na^C^O^ 

Na^C^O^  formed  from  JVa^CO^ 

By  the  carbonates 

cold 

hot 

By  the  oxalates 

cold 

hot 

CaCOj 
SrCOa 
BaCOj 
PbCO^ 

19-896 
7-6 
4-8 
6-4 

22-9  96 

7-6 

5-0 
13-1 

CaCPi 
SrCjO^ 
BaCo04 
PbC:04 

16-1% 
57-2 
73-2 
81-5 

62-3  96 
80-0 
88-0 
90-6 

Although  the  final  state  of  equilibrium  does  not  appear  to 
have  been  reached  in  these  experiments,  they  nevertheless 
show  the  preference  of  calcium  for  oxaHc  acid,  and  of  barium 
for  carbonic  acid. 

§  268.  The  theoretical  consideration  of  the  case  in  which 
only  one  of  the  bodies  is  insoluble  is  rather  more  complicated. 
We  have  an  example  of  this  kmd  when  a  base  is  brought  in 
contact  with  two  acids  and  forms  an  insoluble  salt  with  one  of 
them,  or  when  an  insoluble  salt  is  added  to  an  acid  which 
forms  a  soluble  salt  with  the  base,  but  precipitates  the  acid. 

This  case  has  been  investigated  by  Ostwald,^  and,  at  the 

'  Chem.  Soc.  Joum.  1877,  ii.  245. 

'■^  Journ.f.  prak.  Chem.  [2]  1877,  xvi.  421 ;  1879,  xix.  468  ;  1880,  xxii.  251  - 
1881,  xxiv,  486. 
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instigation  of  Guldberg  and  Waage,  by  S.  Wleugel,'  and  also 
by  Horstmann.2  Guldberg  and  Waage  ^  applied  their  theory 
to  this  special  case  by  simply  regarding  the  coefficients  {q')  of 
the  insoluble  substances  as  constant.  In  this  way  they  obtained 

the  equation  x^g'  =        =:  c.    Its  correctness  was  tested  by  a 

series  of  experiments  on  the  precipitation  of  solutions  of  cal- 
cium chloride  by  oxalic  acid,  and  the  decomposition  of  calcium 
oxalate  by  hydrochloric  acid. 

Q  equivalents  of  oxalic  acid  (H^CgOJ  were  added  to  111 
centigrammes  of  CaClg  (i.e.  the  molecular  weight  expressed 
in  centigrammes)  ;  the  mixture  was  diluted  to  I'l  litres,  and 
after  three  days  the  quantity  of  calcium  oxalate  which  had 
been  precipitated  was  estimated.  Let  |  represent  the  equiva- 
lents of  calcium  oxalate  precipitated,  then  it  will  also  express 
the  equivalent  quantity  of  hydrochloric  acid  which  has  been 
liberated,  and  we  have  in  solution 

^H,C1,  +  (Q  -  a  H^C.O,  +  (1  -  a  CaCl„ 

p  =  l    2  =  Q  -  ^,   /  =  (1  -  a, 
,  _  (Q  -    (1  -  I) . 

I  ' 

hence       ^  =  \[1  +  q  +  c  ±  ^/(l  +  Q  +  c)^  -  4Q] 

From  this  formula  it  follows  that  c  =  0-0215  the  value 
of  ^,  a  result  which  agrees  with  experiment.  Ostwald*  has, 
however,  recently  pointed  out  that  this  formula  is  not  well 
adapted  to  test  the  accuracy  of  the  theory,  because  the  very 
small  value  c  can  only  exert  a  slight  influence  on  the  results 
of  the  calculation. 

Let  c  =  0,  then  |=:i[l  +  Q±(l-  Q)]. 

The  roots  of  this  equation  are  ^  =  1  and  ^  =  Q,  and 
=  0  or  g  =  0 ;  i.e.  either  all  the  calcium  chloride  or  all  the 
oxalic  acid  will  be  precipitated.  In  reality  this  represents 
very  nearly  what  happens.  The  small  quantity  remaining  in 
solution  cannot  be  correctly  calculated  by  the  formula.  If  we 
attempt  to  deduce  the  value  of  the  constant  c  from  these  ob- 
servations, we  obtain  values  which  vary  between  0-0176  and 

'  Journ.  f.  prak.  Chem.  1879,  xix.  93-96. 

^  Nat.  Med.  Verein  zu  Heidelberg,  N.S.  ii.  247. 

'  Journ.  f.  prak.  Chem.  [2]  1877,  xvi.  421  ;  1879,  xix.  468  ;  1880,  xxii.  251  ; 
1881,  xxiv.  486.  *  Ibid.  1881,  xxiv,  486. 


OSTWALD'S  EXPERIMENTS 


499 


0-0386.  The  number  Guldberg  and  Waage  used  for  c  is  0-0215, 
which  was  deduced  from  an  observation  made  by  Ostwald. 

§  264.  On  closer  consideration  doubts  arise  as  to  the  equa- 
tion     =  c,  p'q=cp,  which  is  at  the  foundation  of  the  theory. 
P 

It  is  derived  from  the  chief  equation  (§  242)  kpq'  =  kYq, 
or  xpq'  =  -  p'q,  in  which  q',  and  consequently  k  .q',  are  as- 

sumed  to  be  constant.  This  simplification  is  not  permissible. 
The  right  side  of  the  equation  states  that  the  quantity  of  cal- 
cium oxalate  formed  in  the  unit  of  time  is  proportional  to  the 
amount  of  calcium  chloride  (p')  and  oxahc  acid  (q)  in  solu- 
tion, but  the  left  side  of  the  equation  asserts,  when  we  assume 
k  .q'  =  const.,  that  the  decomposition  of  the  oxalate  by  the 
hydrochloric  acid  is  proportional  to  the  amount  of  hydro- 
chloric acid  {p)  in  the  solution.  Although  this  relation  has 
been  proved  for  two  bodies  in  solution  by  the  observations 
described  in  §§  241-255,  according  to  Guldberg  and  Waage  ^ 
it  does  not  exist  when  a  body  in  solution  acts  on  an  undis- 
solved substance  ;  on  the  contrary,  the  action  increases  more 
rapidly  than  the  concentration  for  some  bodies,  and  less 
rapidly  for  others.  Consequently  the  hypothesis  propounded 
by  Guldberg  and  Waage  for  this  case  is  improbable,  and  is  not 
confirmed  by  experience. 

§  265.  Ostwald  left  calcium  oxalate  in  contact  with  hydro- 
chloric acid  of  different  degrees  of  concentration  {n  litres 
containing  a  double  equivalent  H2Cl2  =  72-74  grammes).  The 
following  table  shows  the  quantities  which  had  passed  into 
solution,  expressed  in  double  equivalents,  in  grammes  per  100 
Htres,  or  milligrammes  per  100  cc. 


Temp. 

P 

CaCl., 
P' 

SAO, 

9 

p 

n 

20° 

23292 

1-708 

1-708 

0-125 

4 

»j 

4612 

0-.388 

0-388 

0-033 

20 

Ordinary  temp. 
100° 

2220 

0-280 

0-280 

0-035 

40  2 

19012 

6-988 

5-988 

1-887 

4 

»» 

8692 

1-308 

1-308 

0-464 

20 

) ) 

0702 

0-409 

0-409 

0-238 

90 

'  Etudes  sur  les  Affimtis,  65,  74. 

^  The  whole  of  these  numbers  uncertain,  in  consequence  of  a  misprint  in  the 
original,  making  it  doubtful  whether  H^Clj  is  dissolved  in  80  or  40  litres. 

K  K  2 
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The  value  of  c  is  by  no  means  constant,  but  increases  con- 
siderably with  the  number  of  equivalents  of  hydrochloric  acid 
contained  in  the  solution.  Hence  we  conclude  that  the  action 
of  the  acid  on  the  oxalate  increases  with  the  concentration, 
but  more  rapidly  than  the  latter.  A  rise  in  temperature  in- 
creases the  action  of  the  hydrochloric  acid  to  a  much  greater 
extent  than  it  affects  the  mutual  action  of  the  other  bodies  in 
solution.    The  quantity  of  the  latter  consequently  decreases. 

In  the  chief  equation  kpq'  =  k'p^q,  let  ^  .  g'  be  replaced  by 
the  sign  of  an  unknown  function  of  p  instead  of  by  the  con- 
stant c,  then  the  condition  of  equilibrium  will  be  .f  {p)  = 
p' .  q.  This  is  symmetrical  for  ^j'  and  q,  and  expresses  the 
fact  that  the  condition  of  the  solution  depends  in  precisely  the 
same  way  on  the  quantity  of  calcium  chloride  {2^')  it  does 
on  the  amount  of  oxalic  acid  (q).  Ostwald's  experiments  show 
that  this  is  actually  the  case.  He  mixed  the  hydrochloric 
acid  with  an  excess  (E)  of  calcium  chloride  or  oxalic  acid 
before  bringing  it  in  contact  with  the  oxalate.  In  the  first 
case  the  state  of  equilibrium  is 

^jH^Cl^  +  (1  -  P)  H^C^O,  +  (E  -h  1  -  -  p)  CaCl„ 

in  the  second 

p-R,C\,  +  a-  p)  CaCl,  -•-  i^  +  l-  p)  H,C,0„  . 

but  in  both    .t-y  {ji)  =  p' .  q  =  {I  -  p)      +  1  -  p). 

The  following  table  gives  the  values  of  ^,  1  —  p,  and  c, 
which  were  observed  when  the  excess  of  CaClg  or  H2C2O4 
(mentioned  under  E  in  the  first  column)  was  used.  Tempera- 
ture, 20°  C. ;  dilution,  H2CI2  in  four  Htres. 


0 

005 
0-10 
015 

020 

0-30 
0-40 
0-50 

0-  70 

1-  00 


0  9317 


0-9499 
0-9601 
0-9691 
0-9739 
0-9805 
0-9845 
0-9868 
0-9895 
0-9915 


0-9501 
0-9613 

0-9738 
0-9805 

0-9868 

0-9917 


p'—l—p=:q 


CnCh 


0-0683 


0-0501 
0-0390 
0-0309 
0-0261 
0-0195 
0-0155 
0-0132 
0-0105 
0-0085 


0-0499 
0-0387 

0-0262 
0-0195 

0-0132 

0-0083 


CaCL 


00050 


0-0053 
0-0056 
0  0058 
0-0061 
0-0064 
0-0066 
0-0068 
0-0075 
0-0087 


0-0053 
0-0056 

0-0061 
0-0064 

0-0068 

0-0085 
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Ostwald  points  out  that  not  only  these  results,  but^  also 
those  obtained  at  100°  with  solutions  five  times  more  dilute, 
and  the  results  obtained  when  nitric  acid  is  used  instead  of 
hydrochloric  acid,  aU  indicate  (1)  that  the  supposed  constant 
c=P^=  (1  -;^)  (E  +  1  -V)  is  a  variable  quantity,'  and 

P  P 
(2)  that  the  function  x^ip)  =p.c'm  symmetrical  with  regard 
to  p'  and  q.  Without  further  experiments,  all  we  can  at  pre- 
sent add  regarding  the  character  of  this  function  is  that^  it 
increases  rapidly  with  an  increase  in  temperature,  and  it  in- 
creases much  more  rapidly  than  p  for  an  increase  m  E.  For 
example  (temperature,  100° ;  dilution,  B:^C\  in  4  litres)  :— 


E 

P 

1- 

■P 

c 

CaCl^ 

SAO, 

CaCk 

0 

0-2 
0-5 
10 

0-7 

0-8143 
0-8637 
0-9046 

605 
0-8159 
0-8648 
0-9077 

0-2 

0-1857 
0-1863 
0-0954 

595 
0-1841 
0-1352 
00923 

0-C 

0-088 
0-100 
0-115 

75 

0-087 
0-101 
0-111 

Hence  we  have  the  following  values  iox  c  .p  =      {p)  : — 


Temp. 

E  =  0 

0-2 

0-5 

1 

20° 
100° 

ccy  (p)  =  0-0047 
„    =  0-0574 

0-0059 
0-0716 

0-0008 
0-0867 

0-0086 
0-1045 

Further  experimental  investigations  are  required  to  dis- 
cover the  law  which  governs  these  results. 

§  266.  If  under  the  conditions  of  the  experiment,  one  of 
the  substances  is  gaseous,  but  more  or  less  soluble  in  the  liquid, 
then  its  action  is  weakened  in  proportion  to  the  amount  which 
escapes  from  the  solution,  for  it  is  only  the  quantity  remaining 
in  the  solution  which  operates  as  an  *  active  mass.'    In  other 

'  In  calculating  c,  different  values  can  be  obtained  from  one  and  the  same 
observation,  according  to  the  magnitude  of  the  volume  of  solution  taken  into 
account.  For  example,  if  the  first  observation  in  the  table  is  calculated  for  1 
instead  of  4  litres  of  liquid,  then  we  find 

p  =  0-2329,  2  =  /  =  0-01771,  c  =  0-00125,  instead  of  0-005, 

which  clearly  shows  that  the  value  c  is  not  a  suitable  form  of  expression  for 
the  relative  affinities. 
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respects,  the  same  laws  which  are  vahd  for  substances  in 
solution  apply  in  this  case. 

The  volatility  of  many  acids  is  the  cause  of  their  expulsion 
from  their  salts  by  acids  of  lower  avidity.  For  example,  at  a 
high  temperature  sulphuric  acid  expels  nitric  and  hydrochloric 
acids,  but  all  three  are  expelled  by  siHcic  and  phosphoric  acids 
at  a  red  heat. 

When  the  simultaneous  formation  of  insoluble  and  volatile 
bodies  is  possible  then  the  nature  of  the  bodies  taking  part  in 
the  reaction  and  external  conditions  determine  what  compounds 
will  be  produced.  A  small  change  in  the  conditions  of  the 
experiment  often  reverses  a  reaction.  Acetic  acid  decomposes 
aqueous  solutions  of  alkalme  carbonates  with  evolution  of 
carbonic  acid,  but  a  solution  of  an  acetate  in  absolute  alcohol 
is  decomposed  by  carbonic  acid,  the  carbonate  is  precipitated, 
and  acetic  acid  and  ethyl  acetate  are  formed. 

§  267.  The  fact  that  the  action  of  mass  is  one  of  the  most 
important  factors  in  chemical  mechanics  is  more  and  more 
recognised  as  the  science  advances.  Half  a  generation  ago 
Guldberg  and  Waage '  wrote  with  truth :  '  Investigations  of 
this  subject  are  without  doubt  more  difficult,  more  tedious, 
and  less  productive  of  results  than  the  researches  which  at 
present  occupy  the  majority  of  chemists,  i.e.  the  discovery  of 
new  compounds.  According  to  our  views,  nothing  can  more 
rapidly  elevate  chemistry  to  the  rank  of  a  truly  exact  science, 
than  just  these  investigations  with  which  our  research  has 
dealt.' 

The  widely  spread  opinion  that  the  measurement  of  the 
affinities  can  be  accomplished  by  merely  determining  the 
thermic  effects,  is  to  a  great  extent  the  reason  why  only  a  few 
valuable  researches  have  been  conducted  in  this  field  of  m- 
vestigation.  But  even  now  the  opinion  begins  to  gain  ground 
that  the  importance  of  thermic  effects  for  ascertainmg  the 
nature  of  chemical  changes  has  been  over-estimated. 

The  connection  between  the  thermic  effects,  the  changes  of 
density,  specific  heat,  refractive  power  and  numerous  other 
phenomena  attendant  on  chemical  reactions,  and  the  inner 
cause  of  these  changes,  i.e.  the  affinity,  can  only  be  ascertained 

'  Mudes,  p.  74. 
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Dy  impartially  investigating  the  changes  which  actually  take 
place.  We  must  assign  the  stronger  affinity  to  that  body 
which  under  similar  conditions,  displaces  the  others  from  their 
compounds,  not  to  the  one  which  is  displaced.  The  notion 
that  affinity  is  ultimately  associated  with  this  or  the  other 
phenomenon  cannot  relieve  us  of  the  duty  of  dhectly  deter- 
mming  these  co-efficients  of  affinity  by  experiment.  Any 
indirect  conclusion  is  untrustworthy,  and  may  be  the  cause  of 
serious  errors. 

The  expansion  of  Guldberg  and  Waage's  theory  will  be  one 
of  the  first  problems  for  investigation  with  especial  reference 
to  the  non-reversible  reactions.  It  is  true  that  they  are 
recognised  by  this  theory  as  they  represent  the  case  in  which 

a;  =  Oand-=a  (§  252). 

X 

But  the  disappearance  of  one  of  the  co-efficients  of  affinity 
nullifies  the  assumption  which  the  theory  makes,  that  a  state 
of  equihbrium  results  from  two  contending  and  antagonistic 
reactions,  so  that  it  is  doubtful  whether  it  is  the  same  theory  _ 
or  a  similar  theory  which  is  applicable  to  this  case.  It  is  aU 
the  more  remarkable  that  numerous  observations  have  proved 
that  the  course  of  non-reversible  reactions  is  really  similar  to 
that  of  reversible  reactions. 

If  the  formation  of  anihdes,^  nitro-derivatives,^  sulphonic 
acids,  the  so-called  contact  actions,^  the  decomposition  of  un- 
stable compounds  and  other  non-reversible  reactions  follow 
the  same  laws  which  govern  the  formation  of  salts,  ethers,  and 
other  reversible  reactions,  this  is-  probably  due,  to  a  great 
extent,  to  the  fact  that  the  time  which  is  required  for  the 
estabhshment  of  equihbrium  is,  in  each  class  of  reaction, 
dependent  in  the  same  manner  on  the  acting  mass.  The 
non-reversible  processes  appear  to  be  the  more  simple  as  we 
have  only  to  study  the  dependence  of  one  instead  of  two  de- 

'  Ber.  cl.  dcut.  chem.  Ges.  1882,  xv.  1977. 

2  P.  Spindler,  Inaug.  Diss.  Tubingen,  1883 ;  Ber.  d.  deut.  chem.  Ges.  1883, 
xvi.  1252. 

'  W.  Ostwald,  '  Studien  zur  chemischen  Dynamik,'  Joum.  f.  prakt.  Chem. 
[2]  1883,  xxvii.  1 ;  xxviii.  449. 

M.  Landolt,  '  Die  Existenzdauer  der  unterschwefeligen  Saure  in  wiisserigen 
Losungen,'  Sitz.-Ber.  Akad.  Wiss.  Berlin,  1883,  1223. 
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compositions  on  time,  mass  and  temperature.  Here  a  wide 
field  is  open  to  investigation,  but  numerous  obstacles  must 
be  cleared  away  before  its  conquest  can  be  accomplished. 
The  results  which  have  already  been  achieved  in  this  direction 
clearly  show  that  its  cultivation  will  stamp  its  character  on  a 
new  chapter  of  the  development  of  scientific  chemistry  and 
that  the  period  has  arrived  when  the  investigation  of  the  Why? 
and  the  Wherefore?  of  the  formation  of  new  compounds  will 
be  the  chief  object  of  research,  instead  of  the  mere  attempt 
to  prepare  such  bodies. 
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XIV. 

CHEMICAL  ACTION  OF  LIGHT. 

§  268.  Light  which  is  nothing  else  than  a  form  of  radiant 
heat  has  the  power  of  producing  chemical  changes,  hut  only 
a  hmited  number  of  substances  are  affected  by  its  action.^ 
Many  oxides,  chlorides,  bromides  and  iodides  which  are  stable 
in  the  dark  are  reduced  by  Hght,  some  give  off  free  oxygen, 
chlorine,  &c.,  but  others  are  only  decomposed  when  bodies  are 
present  which  can  combine  with  the  liberated  negative  element. 
Light  also  has  the  power  of  producing  compounds  which  are 
not  formed  in  the  dark.  These  reactions  probably  belong  to 
the  same  category  as  the  previous  ones,  for  light  acts  on  free 
chlorine  and  probably  on  free  oxygen  exactly  in  the  same  way 
that  it  does  on  chlorides,  for  it  facilitates  even  if  it  does  not 
effect  the  sphtting  up  of  the  molecules  into  atoms. 

The  well-known  formation  of  hydrochloric  acid  from  its 
elements  by  the  action  of  light,  the  chlorination  of  hydro- 
carbons, the  decomposition  of  water  by  free  chlorine  with 
formation  of  hydrochloric  acid,  and  the  addition  of  chlorine  or 
bromine  to  non-saturated  compounds,  such  as  carbon  monoxide, 
ethylene,  sulphurous  anhydride,  &c.,  all  appear  to  be  due  to 
this  cause,  since  the  decomposition  of  the  chlorine  molecule 
must  precede  the  act  of  combination. 

*-CO-*-fCl-Cl=Cl-CO-Cl 
H2C=CH2  4-CI-C1=C1-CH2-CH2-C1  &c. 

In  this  way  all  the  effects  of  light  may,  like  those  of  heat, 
be  regarded  as  acts  of  decomposition  or  dissociation,  followed 
by  combination  {vide  §  208)  and  may  therefore  all  be  con- 

'  See  Ad,  Wiillner,  Lehrb.  exp.  Physik,  1871,  iii.  268 ;  A.  Naumanil, 
Gmdin-KrauV s  Handb.  i.  part  1,  823  ;  E.  Becquerel,  La  LumUre,  ses  catises  et 
ses  effcts,  ii.  1868. 
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Bidered  from  the  same  standpoint.  According  to  older  ideas 
the  effects  of  Hght  were  considered  partly  as  acts  of  com- 
bination and  partly  of  decomposition,  that  is  to  say,  as  reactions 
of  precisely  opposite  nature. 

§  269.  Only  certain  kinds  of  light  can  produce  chemical 
changes ;  this  power  is  confined  to  a  distinct  wave-length  or 
colour.  Only  the  blue,  violet,  or  invisible  ultra-violet  rays, 
and  to  a  less  extent  the  green  and  yellow,  act  on  most  bodies. 
The  red  rays  have  scarcely  any  action.  The  decomposition  of 
carbonic  acid  in  the  green  organs  of  plants  is  caused  more 
especially  by  red  and  yellow  rays,  and  is  scarcely  affected  by 
the  more  refrangible  rays.  There  may  be  a  few  other  changes 
of  a  similar  nature. 

Since  the  absorption  of  red  and  yellow  rays  by  ponderable 
matter  produces  a  greater  rise  in  temperature  than  is  caused 
by  blue  or  violet  rays,  it  might  be  concluded  that  the  change 
is  not  due  to  the  heating  effect  but  to  the  light  itself,  i.e.  the 
vibrations  of  the  ether  of  definite  wave-length.  It  is  probable 
that  different  decompositions  are  caused  by  different  kinds 
of  coloured  light.  Each  decomposition  is  specially  but  not 
exclusively  due  to  a  distinct  colour.  This  connection  appears 
to  be  closely  related  to  the  property  which  the  elements 
possess  when  they  are  in  the  state  of  incandescent  gases,  of 
giving  off  light  of  a  definite  wave-length  and  of  absorbmg 
according  to  Kirchhoff's  law  ^  the  same  light  and  not  allowing 
it  to  pass. 

Bunsen  and  Eoscoe  ^  have  proved  by  quantitative  experi- 
ments that  the  chemical  action  of  chlorine  is  produced  by 
exactly  that  kind  of  light  which  it  absorbs ;  for  light  which 
has  passed  through  a  sufficiently  long  layer  of  chlorine  gas 
ceases  to  have  any  further  action  on  chlorine.  According  to 
Morren  ^  and  Gernez  this  light  no  longer  contams  any  blue 
or  violet  rays.  This  clearly  proves  that  the  light  as  such  is 
destroyed  by  its  action  and  its  kinetic  energy  is  converted  into 
other  forms  of  energy. 

'  Untersuchungan  Uber  das  Sonnenspectrum  und  die  Spectren  dcr  che- 
mischen  Elemente,  2.  Aufl.,  Berlin,  1862,  22. 

*  '  Photochemische  Untersuchungen,'  Pogg.Ann.  xcvi.  c.  ci.  cviii.  and  exvii 
8  Compt.  Bend.  1869,  Ixviii.  376,  Ibid.  1872,  Ixxiv.  660. 
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§  270.  In  spite  of  the  great  practical  value  of  the  chemical 
action  of  light  for  photography  and  other  branches  of  technical 
industry,  few  investigators  have  attempted  exact  quantitative 
measurements  of  its  action.  This  is  undoubtedly  due  to  the 
great  difdculty  of  the  subject.  The  combination  of  hydrogen 
and  chlorine  under  the  influence  of  hght  has  been  investigated 
by  J.  W.  Draper  ^  and  afterwards  by  more  exact  methods  by 

Bunsen  and  Eoscoe.^ 

Most  of  the  other  numerous  researches  on  the  chemical 
action  of  Hght  are  only  quahtative,  or  treat  of  such  compHcated 
changes  that  in  the  present  state  of  our  knowledge  it  is  only 
occasionally  that  any  important  theoretical  result  can  be  de- 
duced from  them. 

§  271.  The  quantitative  measurements  have  shown  that 
the  action  of  hght  is  not  instantaneous.  On  the  contrary  it 
gradually  develops  and  requires  a  considerable  time  before  it 
attams  its  fuU  strength.  When  a  mixture  of  chlorine  and 
hydrogen,  which  has  been  kept  in  the  dark,  is  exposed  to  the 
hght,  there  is  either  no  hydrochloric  acid,  or  only  a  very  small 
quantity  formed  in  the  first  moment :  but  the  rate  of  formation 
increases  so  that  the  quantity  formed  in  a  given  time,  e.g.  a 
minute,  continues  to  increase  until  it  attains  a  maximum  which 
varies  with  the  composition  of  the  gaseous  mixture  and  with 
the  intensity  of  the  light, 

Bunsen  terms  this  gradual  increase  in  the  action  Induction. 
Induction  depends  on  the  composition  of  the  gas,  its  mass 
and  the  intensity  of  the  light.  The  rate  of  induction  increases 
with  the  pm-ity  of  the  gas,  and  with  the  accuracy  with  which 
the  constituents  are  mixed  in  their  combining  proportions. 
The  rate  of  induction  diminishes  as  the  quantity  of  gas  in- 
creases, but  it  is  rapidly  accelerated  by  an  increase  in  the 
intensity  of  the  light,  so  that  in  clear  daylight  instantaneous 
ignition  and  violent  explosion  may  ensue. 

Induction  only  takes  place  when  the  mixed  gases  are  ex- 
posed to  light ;  exposure  of  each  gas  separately  to  the  light 
will  not  enable  them  to  combine.    On  the  other  hand,  if  the 


'  Phil.  Mag.  1843,  xxiii.  401.  See  also  the  literature  in  Poggendorff's  Biogr. 
liter.  Warterhuch,  1863  i.  601. 
2  Loc.  cit. 
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gaseous  mixture  has  been  once  exposed  to  the  hght,  it  will 
retain  in  the  dark,  for  about  half-an-hour,  its  capacity  for 
forming  hydrochloric  acid  in  the  hght.  If  the  gas  has  re- 
mained in  the  dark  for  a  short  period  and  is  again  brought 
into  the  hght,  it  requires  a  very  short  period  of  induction ; 
but  the  period  of  induction  will  be  lengthened  by  keeping  the 
mixture  in  the  dark  for  a  longer  time.  Exposure  to  the  light 
renders  the  gaseous  mixture  capable  of  entering  into  com- 
bination, but  it  does  not  brmg  about  combination  itself.  This 
condition  loses  its  effect  if  it  is  not  developed  into  combina- 
tion by  further  exposure  to  the  hght. 

Although  in  the  case  of  chlorine  and  hydrogen  it  is  only 
the  mixed  and  not  the  separate  gases  which  undergo  induc- 
tion, there  are  bodies,  more  especially  certain  silver  salts, 
which  on  exposure  to  light  acquire  the  property  of  being  re- 
duced by  oxidisable  bodies,  by  which  they  are  either  not  de- 
composed or  only  very  slowly  decomposed  in  the  dark.  In 
most  cases  it  is  not  necessary  for  the  oxidisable  body  to  be 
present  when  the  silver  salt  is  exposed  to  the  light. 

Silver  chloride  and  iodide,  exposed  to  the  hght  on  a 
photographic  plate  without  any  reducing  action  bemg  visible 
when  brought  into  a  dark  room  and  immersed  in  a  solution 
of  gallic  acid  or  other  reducing  agent,  are  reduced  at  those 
points  where  they  have  been  exposed  to  the  light.  The  extent 
of  the  reduction  increases  with  the  intensity  of  the  light. 

Here  one  substance  acquires  the  power,  in  the  absence  of 
the  other,  of  combining  with  that  other  body  in  the  dark, 
although  in  the  case  of  chlorme  and  hydrogen  the  separate 
gases  could  not  experience  induction. 

But  there  may  not  be  any  essential  difference  between  the 
action  of  light  on  chlorme  and  on  silver  chloride.  In  both 
cases,  light  brings  about  a  condition  which  facilitates  the 
escape  of  the  atoms  from  the  molecule.  The  fact  that  this 
condition  of  the  silver  salt  remains  for  a  considerable  time, 
whilst  in  the  case  of  chlorine  which  is  not  mixed  with  hy- 
drogen it  ceases  when  the  exposure  to  the  light  ceases,  finds 
an  analogy  in  the  well-known  fact  that  many  bodies  are 
phosphorescent,  i.e.  they  have  the  power  of  absorbing  the 
light  which  falls  on  them  and  giving  it  out  again  in  the 
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dark,  whilst  others  appear  dark  as  soon  as  their  exposure  to 
the  light  ceases. 

It  has  not  yet  been  definitely  proved  in  what  this  state  of 
induction  consists.  But  since  this  condition  is  brought  about 
by  vibrations  of  definite  rhythm,  by  waves  of  hght  of  definite 
colour,  and  as  a  certain  amount  of  time  is  required  for  its 
production,  there  is  scarcely  any  doubt  that  it  will  be  found  to 
consist  essentially  of  vibrations  or  other  periodical  movements. 
This  is  rendered  more  probable  by  the  observation  of  Eoscoe 
and  Bunsen  that  the  slightest  admixture  of  a  third  gas  or  even 
of  a  shght  excess  of  chlorine  or  hydrogen  exerts  a  very  great 
influence  on  the  action  of  the  light.  As  the  quantity  of  ad- 
mixture is  by  no  means  commensurate  with  the  great  influence 
it  exerts,  the  retarding  action  appears  to  be  due  to  a  disturb- 
ance or  interruption  of  the  regular  rhythm  of  the  movement. 
But  we  must  not  assume  such  a  regularity  in  the  motion  as 
to  cause  each  particle  to  behave  exactly  like  the  others,  for 
in  this  case  all  the  particles  would  simultaneously  enter  into 
that  condition  in  which  they  would  act  on  each  other.  On 
the  contrary,  we  must  assume  a  dissimilarity  in  the  motion  of 
the  individual  molecules,  similar  to  that  we  have  used  for  the 
explanation  of  a  gradually  increasing  dissociation  (§  205) . 

§  271.  When  the  maximum  of  induction  is  attained,  the 
quantity  of  hydrochloric  acid  formed  in  the  unit  of  time  re- 
mains constant,  provided  it  is  removed  by  water  as  soon  as  it 
is  formed.    The  quantities  formed  in  equal  periods  of  time 
by  light  of  different  intensities  are  then  proportional  to  the 
intensity  of  the  light,  or,  to  use  a  more  correct  expression,  are 
proportional  to  the  intensity  of  its  active  rays.  But  according 
to  the  undulation  theory,  the  intensity  of  each  colour  is  pro- 
portional to  the  square  of  the  amplitude  of  vibration  and  in- 
versely proportional  to  the  time  of  vibration,  hence  it  follows 
that  the  quantity  of  chlorine  combined  is  proportional  to  the 
kinetic  energy  of  the  light  employed  ;  consequently  a  definite 
quantity  of  energy  is  required  for  each  molecule  of  chlorine . 
Hence  it  appears  that  not  only  is  there  an  equivalence  between 
heat  and  chemical  change,  but  a  similar  relation  also  exists  in 
the  case  of  light. 

The  kinetic  energy  of  the  hght  which  induces  the  combina- 
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tion  of  the  chlorine  and  hydrogen  to  form  hydrochloric  acid 
has  not  been  accurately  measured,  but  it  is  very  small  in 
comparison  with  the  expenditure  of  heat  which  is  generally 
required  to  bring  about  a  chemical  change.  It  does  not  neces- 
sarily follow  from  this  that  a  very  feeble  resistance  is  offered  to 
the  decomposition  of  the  chlorine  molecule,  which  is  overcome 
by  the  action  of  light.  It  is  quite  possible  that  this  decompo- 
sition is  only  effected  by  the  peculiar  movement  of  the  chlorine 
atoms  to  which  the  hght  merely  imparts  a  particularly  favour- 
able direction. 
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XV. 

CHEMICAL  CHANGE,  AS  CAUSE  AND  EFFECT  OF 
ELECTBICITY ;  ELECTBOLYSIS. 

§  272.  Since  Volta's  discovery,  no  one  has  disputed  the 
intimate  connection  between  electricity  and  affinity;  that 
cause  of  chemical  change  which  is  dependent  on  the  material 
nature  of  the  bodies  taking  part  in  the  change.  We  are  at 
the  present  time  scarcely  better  informed  as  to  the  nature  of 
this  connection  than  we  were  at  the  beginning  of  this  century, 
although  an  extraordinary  number  of  facts  bearing  on  this 
subject  have  been  amassed  in  the  meantime. 

It  has  already  been  stated  in  §  108,  that  the  views  ex- 
pressed by  Humphry  Davy  ^  in  the  following  words,  possess 
the  greatest  degree  of  probability  : 

'  Electrical  effects  are  exhibited  by  the  same  bodies,  when 
acting  on  masses,  which  produce  chemical  phenomena  when 
actmg  by  their  particles ;  it  is  not,  therefore,  improbable,  that 
the  primary  cause  of  both  may  be  the  same,  and  that  the 
same  arrangments  of  matter,  or  the  same  attractive  powers, 
which  place  bodies  in  the  relations  of  positive  and  negative,  i.e. 
which  render  them  attractive  of  each  other  electrically,  and 
capable  of  communicating  attractive  powers  to  other  matter, 
may  likewise  render  their  particles  attractive  and  enable  them 
to  combine,  when  they  have  full  freedom  of  motion.' 

'  This  view  of  the  possibility  of  the  dependence  of  electrical 
and  chemical  action  upon  the  same  cause  has  been  much  mis- 
represented. It  has  been  supposed  that  the  idea  was  enter- 
tained, that  chemical  changes  were  occasioned  by  electrical 
changes ;  than  which  nothing  is  further  from  the  hypothesis 
which  I  have  ventured  to  advance.    They  are  conceived,  on 

'  Elements  of  Chemical  Philosophy,  H.  Davy  (vol.  iv.  of  the  collected  works, 
section  vii.  paragraphs  33  and  34). 
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the  contrary,  to  be  distinct  phenomena,  but  produced  by  the 
same  poiver  acting  in  one  case  on  masses,  in  the  other  on 
particles.' 

We  now  miderstand  somethmg  more  of  the  nature  of 
electricity  than  was  definitely  known  at  that  time.  The  notion 
that  electricity  is  a  fluid  or  that  two  such  fluids  exist  was 
doubted  by  Davy  and  is  now  no  longer  credited.  Davy  called 
electricity  *  a  state  or  condition,'  and  we  can  now  assume  with 
a  tolerable  amount  of  certainty  that  electric  conditions  are 
states  of  motion  of  a  pecuHar  form,  which  Kke  all  others  obey 
the  laws  of  the  conservation  and  transformation  of  energy. 
But  we  do  not  know  what  form  the  movements  characteristic  of 
the  electric  state  assume,  nor  do  we  even  know  whether  the 
matter  in  motion  is  ponderable  or  imponderable.  It  is  im- 
possible for  us  to  ascertain  the  relation  between  af&nity  and 
electricity,  whilst  these  questions  remain  unanswered. 

Although  the  connections  between  the  immediate  causes 
of  chemical  and  electrical  phenomena  remain  unknown,  we 
have  nevertheless  made  considerable  ]3rogress  since  Davy's 
time  m  our  knowledge  of  the  relations  existing  between  both 
kinds  of  phenomena,  for  which  we  are  chiefly  indebted  to 
Davy's  pupil  and  successor,  Michael  Faraday,  in  spite  of  the 
somewhat  erroneous  interpretations  which  he  gave  to  certain 
of  his  observations. 

§  273.  Electricity,  like  heat,  appears  not  only  as  the  cause 
but  also  as  the  effect  of  chemical  change.  When  two  bodies  of 
different  composition  come  in  contact,  an  electrical  separation 
always  takes  place,  one  body  becomes  positive  and  the  other 
negative.  This  separation  may  be  accomplished  by  contact  at 
a  single  point,  if  the  bodies  are  conductors,  but  if  they  are  non- 
conductors, then  every  point  on  the  surface  of  one  body  must  be 
brought  in  contact  (by  friction)  with  one  or  more  pomts  of  the 
other  non-conductor.  Volta's  supposition  that  the  electrical 
separation  is  caused  by  simple  contact,  has  been  frequently 
disputed,  and  it  has  been  assumed  that  the  production  of  the 
electricity  is  due  to  the  chemical  changes,  such  as  oxidation, 
which  the  bodies  undergo  when  in  contact.  The  latter  -^dew, 
which  is  still  held  by  some  physicists,  does  not  appear  to  the 
author  in  unison  with  certain  facts.    Without  deciding  this 
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difficult  problem,  we  will  assume  that  Volta's  views  are  correct. 
The  degree  or  tension  of  the  electrical  disturbance  resulting 
from  the  contact  of  two  heterogeneous  bodies  appears  to  be 
closely  connected  with  their  affinities.  The  stronger  the 
affinity  between  the  two  bodies,  the  more  powerful  the  tension 
will  be. 

The  electro-chemical  theory  of  Berzelius  is  based  on  this 
idea,  a  theory  which  materially  contributed  to  the  introduc- 
tion of  a  systematic  classification  in  Inorganic  Chemistry,  but 
has  since  been  abandoned  because  the  erroneous  deductions 
drawn  from  this  doctrme  were  not  in  miison  with  the  pheno- 
mena of  substitution  observed  in  Organic  Chemistry.  The 
theory  of  BerzeUus  has  fallen  into  oblivion.  It  is  scarcely 
mentioned  by  new  text  books,  and  no  attempt  has  been  made 
to  determine  the  position  of  some  of  the  recently  discovered 
elements  m  the  series  based  on  the  differences  in  their  elec- 
trical potential.  Although  we  regret  the  comj)lete  abandonment 
of  the  once  highly  valued  tenet  of  the  celebrated  discoverer, 
we  cannot  deny  that  it  has  never  been  anything  more  than  a 
mere  undeveloped  hypothesis. 

Berzelius  considered  that  the  electricity  contained  in  the 
atoms  was  not  only  the  source  of  the  Hght  and  heat  which 
accompanies  their  combination,  but  also  the  cause  of  their 
adhering  together  after  combination.  His  own  account  of  these 
views  '  acknowledges  that  this  is  a  contradiction,  which  he  is 
incapable  of  solving.  This  contradiction  was  but  slightly  felt, 
because  Berzelius  scarcely  made  any  other  application  of  his 
theory  than  the  division  of  the  elements  into  electropositive 
and  electronegative,  a  classification  we  still  retain.  When 
he  attempted  a  further  appHcation  of  his  theory  he  fell  into 
error,  e.g.  in  his  opposition  to  Faraday's^  law  of  electrolytic 
equivalents  and  Dumas'  theory  of  substitution,  neither  of 
them  being  in  miison  with  his  theoretical  views,  but  both 
nevertheless  perfectly  true.  Even  at  the  present  day  the 
foundations  for  the  erection  of  an  electrochemical  theory  are 
not  much  firmer  than  they  were  at  that  period.  We  must 
therefore  be  very  cautious  in  making  theoretical  speculations, 
and  should  confine  ourselves  closely  to  facts,  if  it  were  only 
'  Berzelius,  Lchrhuch,  5.  Aufl.  1843,  i.  67.  2  Ibid.  100. 
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that  one  of  our  chief  difficulties  arises  from  the  insecurity  of 
ouir  facts. 

§  274.  Few  direct  measurements  have  been  made  of  the 
separation  of  electricity,  resulting  from  the  contact  of  two 
heterogeneous  bodies  ;  the  most  careful  experiments  of  E. 
Kohh'ausch,  Gerland,  and  Hankel  ^  have  shown  how  exceed- 
ingly difficult  it  is  to  obtain  trustworthy  results. 

The  slightest  superficial  oxidation  of  the  metals,  or  the 
presence  of  moisture,  or  of  small  quantities  of  impurities  in 
the  metals,  produces  such  great  changes  in  their  contact  elec- 
tricity that  many  physicists  have  denied  the  existence  of 
contact  electricity,  and  ascribed  the  fact  that  the  bodies  are 
charged  with  electricity  to  the  chemical  action  of  the  oxygen 
or  moisture  m  the  atmosphere.  Although  this  notion  is  too 
extreme,  we  can  scarcely  hope  to  obtam  reliable  measurements 
of  contact  electricity,  even  for  the  less  oxidisable  metals,  not 
to  mention  the  non-metallic  elements  and  the  oxidisable 
metals.  But  we  may  safely  assume  that  the  metals,  and  pro- 
bably all  chemical  elements  and  many  of  their  compounds,  can 
be  arranged  in  a  so-called  electric  tension  series,  in  which  each 
body  is  electropositive  toward  any  one  higher  in  the  list,  and 
electronegative  toward  any  one  lower.  The  difference  in 
electrical  potential  between  any  two  metals  is  equal  to  the 
sum  of  the  differences  between  all  the  intervening  metals. 
Thus  Kohlrausch  found  that 


Zn 
Zn 


Fe  =   74-7  Fe  j  Pt  =  32-3 

Pt  =  106-4  74-7  +  32-3  =  107-0. 


The  difficulty  of  directly  determining  this  difference  in 
potential  has  led  to  the  proposal  to  measure  contact  electricity 
indirectly.  The  two  metals  to  be  tested  are  placed  in  direct 
contact  or  are  connected  by  a  metallic  conductor.  They  are 
then  immersed  in  a  decomposable  conducting  liquid,  when  the 
positive  electricity  flows  through  the  metalhc  conductor  to  the 
positive  metal.  Here  again  the  tension  between  A  and  C  is 
equal  to  the  sum  of  the  tensions  between  A,  B,  and  B  and  C. 


'  For  resume  of  experimental  results,  and  the  literature  of  the  subject,  vide 
Wiedemann's  Galvanismus,  i.  (2nd  edition),  21. 
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For  example,  Poggendorff '  has  shown  that  in  dilute  sul- 
phuric acid 


when  the  tension  of  a  Daniell's  element  =  100. 

This  process  generally  yields  the  same  tension  series  of  the 
elements  as  is  obtained  by  the  direct  observation  of  contact 
electricity ;  but  the  nature  of  the  liquid  exerts  a  certain  influ- 
ence, not  only  on  the  strength  of  the  electrical  disturbance, 
but  also,  under  certain  circumstances,  on  the  position  of  the 
elements  in  the  series.  Potassium  cyanide  yields  a  different 
series  from  that  obtained  with  dilute  acids  or  alkalis.  Diffe- 
rent authors  have  obtained  contradictory  results  with  one  and 
the  same  liquid.  This  is  doubtless  due  to  the  greater  or  lesser 
degree  of  purity  of  the  substances  employed.  Probably  very 
few  of  the  substances  used  were  as  pure  as  they  might  have 
been,  and  a  large  portion  of  them  were  doubtless  very  impure. 
Consequently  the  tension  series  exhibit  discrepancies.^ 

But  this  process  only  permits  of  conductors  of  electricity 
being  arranged  in  a  series,  and  a  part  of  these  were,  for 
various  causes,  unfit  for  experimental  treatment ;  it  was 
therefore  necessary  to  seek  for  new  methods  in  order  to  be 
able  to  arrange  all  the  elements  in  such  a  tension  series. 

Observation  shows  that,  as  a  rule,  a  positive  element  is 
separated  from  its  combination  with  a  negative  element  by  a 
stronger  positive,  and  a  negative  by  a  stronger  negative 
element.  The  replacement  of  one  element  by  another  has 
been  frequently  used  as  a  means  of  determming  its  position  in 
the  tension  series.  In  its  compounds  with  more  positive  ele- 
ments, e.g.  metals,  iodine  is  replaced  by  chlorine,  and  in  its 
compounds  with  the  negative  oxygen,  chlorine  is  replaced  by 
iodine.  From  these  observations  it  is  concluded  that  iodine  is 
more  positive  or  less  negative  than  chlorine.  The  reversal  of 
many  reactions  {vide  Section  13)  shows  that  deductions  of  this 
kind  may  be  very  erroneous. 

It  is  not  surprising  that  the  tension  series,  which  Ber- 

'  Pofjg.  Ann.  1845,  Ixx.  60;  Wiedemann,  Galvanismus,  i.  (2nd  edition),  369. 
^  See  Wiedemann,  Galvanismus  (2nd  edition),  i.  58. 


Zn  Sn  =  40-9 
Zn   Cu  =  82-4 


Sn  I  Cu  =  41-0 
40-9  -f  41  =  81-9 
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zelius  ^  drew  up  many  years  ago,  embracing  all  the  known 
elements  from  the  most  negative  to  the  most  positive,  should 
contain  some  errors.  The  accuracy  with  which  Berzelius  has 
fixed  the  position  of  most  of  the  elements  is  very  surprising. 
With  the  exception  of  carbon  and  hydrogen,  which  he  certainly 
placed  too  near  the  negative  end  of  the  series,^  only  an  insig- 
nificant number  of  rearrangements  are  necessary,  and  these 
even  at  the  present  time  cannot  be  accurately  indicated. 

§  275.  The  preparation  of  a  correct  electric  tension  series 
embracing  all  the  elements  must  for  some  time  remain  a 
desirable  but  an  unaccomphshed  task.  An  easier  and  more 
immediately  remunerative  problem  is  the  investigation  of  the 
different  natural  families  of  the  elements  in  reference  to  their 
mutual  electrical  position,  which  has  been  previously  men- 
tioned (§§  75,  76),  and  a  comparison  of  the  different  families 
with  one  another.  The  following  table  indicates,  as  far  as  our 
imperfect  knowledge  permits,  the  observed  or  assumed  electri- 
cal behaviour  of  the  elements.  The  arrows  are  pointed  towards 
the  more  positive  element. 

Li-^Be<-B^C     <-     N<-0  F-> 

4        4         ;        t  i  i 

(F)    ->  Na  <-  Mg      Al       Si    <-     P  <-  S  ^  01 

4  •i'  -i-  4"  -i" 

(01)   ->    K  <-  Ca  <-  Sc  <-  Ti       V  <-  Or  ->  Mn  <-  Fe  <-  Co      Ni  <- 

(Ni)       Cu  4:^  Zn      Ga  4,  —      As  <-  Se  <-  Br  4  f  t 

(Br)    ^  Eb  ^  Sr  <4i  Y  <-  Zr      Nb  ^  Mo  ;  —  |  Ru  Eh  Pel 
(P(l)       Ag  4V  Cd  <-  In  I  Sn      Sb      Te  <-  J  t 

(J)    ->   Cs  ^  Ba  <4i  La      Ce  <4.-  Ta      W      —      Os  ^  Ir  ->  Pt  -> 
(Pt)  ->  Au  ^  Hg  ^  Tl  <-  Pb      Bi  I  —  — 
—      —      Th      —      —       U  — 

Although  this  table  is  imperfect  and  uncertain,  it  gives 
rise  to  some  considerations  which  supplement  those  in  §§  75 
and  76.  The  variation  of  the  electrochemical  properties  with 
the  atomic  weights  mentioned  in  these  sections  exhibits 
the  same  periods  as  those  shown  in  the  table  of  atomic 
volumes.  The  elements  from  Li  and  from  Na  grow  more  and 
more  negative  until  Fe  and  CI  are  reached,  when  a  positive 
maximum  is  suddenly  attained.    The  same  is  true  of  the 

*  Berzelius,  Lehrbuch  (5th  edition),  i.  118. 

"  Carbon  comes  next  to  platinum,  and  hydrogen  next  to  tin.  Vide  Bunsen, 
Licbig's  Annalen  d.  Pliarm.  1841,  xxxviii.  311. 


ELECTEIC  TENSION  SERIES 


517 


+ 


series  begiiining  with  K,  Eb,  and  Cs,  with  this  difference,  that 
between  each  pair  of  Hght  metals  a  heavy  metal  is  introduced, 
and  the  less  sharply  defined  positive  maximum  does  not  always 
occur  in  the  same  family,  but  is  first  exhibited  by  Zn  and 
Cd,  then  by  Pb  or  Tl,  and  afterwards  by  Hg.  Other  small 
maxima  also  appear.^t  C,  if  B  is  really  more  negative  ;  then 
in  the  iron  group,  Mn,  Fe,  Co,  Ni,  which  are  more  positive 
than  Cu. 

If  we  regard  each  family  by  itself,  we  often  find  that  the 
higher  the  atomic  weight  the  more  strongly  positive  the 
element  will  be.    This  is  the  case  in  the  following  groups  : — 

N,  P,  As,  Sb,N 

0,  S,  Se,  Te, 

El,  CI,  Br,  I, 

^Li,Na,  K,  Pb,  Cs,> 

It  may  also  be  true  of  the  following  groups,  although 
Bunsen  ^  found  Sr  to  be  negative  towards  Ca  ;  and  up  to  the 
present  time  it  has  not  been  proved  that  Si  is  positive 
towards  C. 

Be,    Mg,   Ca,    Sr,  Ba, 

B,  Al,     Sc,    Y,     La,  Yb, 

C,  Si,     Ti,     Zr,    Ce,  Th. 

This  order  is  reversed  in  the  groups  of  the  more  or  less 
malleable  metals  : 

Eu,  Os,  \ 

Eh,  Ir, 

Pd,  Pt, 

Ag,  Au, 

Cd,  Hg,j 

Probably  also  Ga,  In,  Tl. 
On  the  other  hand,  Sn  is  negative  towards  Pb. 
The  connection  between  atomic  weight  and  electrical  pro- 
perties is  merely  conjectural  in  the  case  of 

V,     Nb,  Ta, 

Cr,    Mo,    W,  Ur. 


+ 


'  Ann.  Chem.  Phann.  1855,  xciv.  110. 
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These  relations  show  that  it  would  be  remunerative  to 
make  the  behaviour  of  the  different  families  the  subject  of  a 
new  investigation,  in  which  perfectly  pure  materials  and  one 
uniform  method  should  be  employed.  Such  an  investigation 
would  probably  cast  more  light  on  the  subject  than  many  of 
the  former  experiments,  which  were  made  with  impure  mate- 
rial, and  are,  from  a  chemical  pouit  of  view,  utterly  valueless. 

§  276.  The  finite  cause  of  the  development  of  electricity 
by  contact  doubtless  Hes  m  the  difference  in  the  material 
nature  of  the  bodies  in  contact.  But  so  long  as  we  are 
ignorant  of  the  true  nature  of  electricity  we  cannot  hope  to 
offer  a  satisfactory  explanation  of  its  production  by  contact. 
It  was  formerly  assumed  that  the  separation  was  brought 
about  by  the  powerful  attraction  which  the  ponderable  masses 
exert  on  what  we  call  electricity;  in  this  way  one  body 
received  an  excess  of  positive  electricity,  and  the  other  an 
excess  of  negative  electricity.  The  two  forms  of  electricity 
mutually  attract  each  other,  and  a  state  of  equilibrium  ensues, 
when  the  two  attractions  are  equally  powerful.  Although  the 
existence  of  such  an  attraction  between  electricity  and  matter 
is  not  exactly  denied  at  the  present  time,  it  is  nevertheless 
very  difficult  to  form  a  clear  idea  of  the  nature  of  such  a  force 
acting  between  ponderable  matter  and  a  form  of  motion.  Still 
we  do  know  that  the  molecular  energy  contained  in  the  bodies 
in  the  form  of  heat  plays  an  essential  part  in  this  electrical 
separation,  in  the  passage  of  electricity  from  one  body  to 
another.  Not  only  does  contact  electricity  vary  considerably 
with  the  temperature,  but  the  movement  of  the  electricity 
through  the  terminals  is  accompanied  in  one  direction  by  an 
absorption,  and  in  the  other  by  a  liberation  of  heat. 

This  phenomenon,  which  was  discovered  by  Peltier,  can 
only  be  observed  when  the  electric  current  has  passed  for  a 
short  time  through  the  terminals,  but  there  is  no  doubt  that 
it  also  takes  place  in  the  electrical  separation,  which  is  in- 
stantaneously produced  by  contact.  We  may,  therefore,  assume 
that  a  portion  of  the  molecular  motion  at  the  terminals  is 
converted  into  electrical  motion  by  the  contact  of  hetero- 
geneous bodies.  It  is  a  matter  of  opinion  whether  it  really  is 
necessary  to  assume  that  there  is  an  attraction  between  matter 
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and  the  form  of  motion  which  we  call  the  electrical  condition, 
or  whether  it  would  not  be  sufficient  to  assume  that  on  contact 
the  diflerent  kmds  of  motion  of  heterogeneous  matter  mutually 
destroy  each  other,  and  in  this  way  produce  that  state  which 
we  term  an  electrical  separation. 

§  277.  It  is  obvious  that  the  contact  of  heterogeneous  sub- 
stances can  only  produce  a  state  of  equilibrium,  and  not  a 
continuous  electrical  movement.  If  this  were  not  the  case,  it 
would  create  an  inexhaustible  source  of  energy,  perpetual 
motion.  If  the  equilibrium  is  disturbed,  it  at  once  endeavours 
to  re-estabhsh  itself.  The  electricity  moves  as  long  as  the  dis- 
turbance lasts.  If  the  latter  is  maintained,  then  the  motion 
of  the  electricity  continues  as  an  electric  current.  This  in- 
volves a  continuous  expenditure  of  energy,  by  which  the  elec- 
tricity is  moved  in  opposition  to  the  forces  tending  to  re- 
estabUsh  the  state  of  equilibrium. 

One  condition  for  the  development  of  such  a  current  is  the 
presence  of  a  continuous  circuit  composed  of  conductors. 
This  of  itself  is  incapable  of  creating  a  current.  If  it  is 
entii-ely  composed  of  conductors  of  the  first  order,  all  having 
the  same  temperature,  no  current  is  formed,  but  a  state  of 
rest  results,  in  which  the  forces  acting  on  a  given  electric 
particle  in  any  part  of  the  circuit  maintain  a  state  of  equili- 
brium, so  that  the  electricity  is  everywhere  at  rest. 

This  state  is  mathematically  defined  as  the  potential  or 
tension  of  the  electricity.  This  state  of  equilibrium  can  be 
disturbed  in  two  ways,  by  heating  or  cooling  one  of  the 
contact  surfaces,  or  by  the  introduction  of  a  conductor  of  the 
second  order,  i.e.  a  body  which  conducts  but  is  at  the  same 
time  decomposed  by  electricity.  In  the  first  case  a  Seebeck's 
or  thermo-electric  current  is  produced,  and  in  the  latter  a  gal- 
vanic current  results. 

According  to  the  contact  theory  the  thermo-electric  current 
is  due  to  the  fact  that  the  potentials  of  different  substances, 
and  consequently  the  forces  acting  on  an  electric  particle 
within  their  mass,  are  affected  to  different  extents  by  the  tem- 
perature ;  hence  the  difference  between  these  potentials  at  the 
points  of  contact  also  changes. 

In  the  simple  case  of  a  ring  formed  of  only  two  metals 
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soldered  together,  equilibrium  is  only  possible  when  both 
junctions  have  the  same  temperature,  and  therefore  tend  to 
produce  one  and  the  same  difference  of  tension.  If  the  tem- 
perature at  one  junction  changes,  then  a  change  in  the  electrical 
separation  at  this  point  will  occur,  which  will  extend  over  the 
whole  of  the  metal  till  it  reaches  the  other  junction.  But  here 
■the  electrical  separation  no  longer  corresponds  to  the  state  of 
equihbrium  ;  consequently,  a  portion  of  one  of  the  electric 
fluids  will  pass  the  boundary,  and  in  this  way  prevent  either 
of  the  junctions  resuming  its  state  of  equilibrium. 

Such  a  ring  may  be  compared  to  a  water  conduit,  divided 
into  two  parts  by  weirs  of  different  heights.  Wliatever  volume 
of  water  is  pumped  above  the  top  weir  will  always  flow 
down  to  the  lower,  and  a  state  of  rest  will  not  ensue.  But 
work  at  the  pump  is  necessary  to  maintain  this  constant 
movement  of  the  water,  and  the  same  is  true  of  electricity. 
The  energy  required  to  maintain  the  flow  of  electricity  is 
derived  from  the  heat  imparted  to  the  warmer  junction.  This 
junction  is  cooled  by  the  current,  the  other  is  heated  ;  so  finally 
a  state  of  equilibrium  is  again  established.  If  the  current  is 
to  be  continuous,  heat  must  be  continually  imparted  to  one 
point  of  contact  and  withdrawn  from  the  other. 

One  might  be  tempted  to  believe  that  the  connection 
between  the  material  nature  of  the  substances  and  the  forces 
exciting  the  electricity  would  be  clearly  exhibited  in  these 
currents  which  are  solely  produced  by  contact  and  by  heat. 
This  is,  to  a  certain  extent,  the  case,  but  a  systematic  relation 
of  this  nature  with  the  chemical  composition  of  the  substances 
cannot  be  established. 

The  most  powerful  currents  are  in  some  cases  produced  by 
substances  which  exhibit  a  great  similarity  in  their  chemical 
behaviour,  and  in  their  position  in  the  ordinary  tension  series. 
The  positive  current  passes  across  the  heated  junction  from 
the  negative  substance  to  the  positive.  If  all  the  bodies  are 
arranged  in  a  continuous  series,  from  the  most  strongly  nega- 
tive to  the  most  strongly  positive,  a  thermo-electric  series  is 
obtained  which  differs  widely  from  the  ordinary  tension 
series  ;  e.g.  bismuth  stands  at  the  extreme  negative  end  of  the 
list,  and  antimony,  which  is  closely  related  to  the  former 
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metal,  is  found  at  the  extreme  positive.  Cobalt  and  nickel 
are  negative,  iron  positive,  and  so  on. 

It  is  true  that  experiments  show  that  the  presence  of  very 
slight  impurities  or  differences  in  the  structure  of  the  metals 
materially  affects  then-  position.^  Even  if  this  remarkable 
behaviour  is  in  many  cases  due  to  the  presence  of  impurities, 
this  cannot  always  be  the  cause.  The  absence  of  a  clear 
relation  between  the  nature  of  the  bodies  and  the  strength  of 
then-  thermo-electric  currents  is  perhaps  chiefly  due  to  the 
fact  that  the  latter  does  not  depend  on  the  absolute  values  of 
the  potential  of  the  different  forces  acting  on  the  electricity  in 
the  different  substances,  but  depends  only  on  the  value  of  the 
variation  of  these  forces  with  the  temperature,  which  need  not 
stand  in  any  simple  relation  to  the  chemical  nature. 

Perhaps  the  views  of  F.  Kohlrausch  ^  on  the  production  of 
the  thermo-electric  current  are  to  be  preferred.  He  considers 
that  the  current  is  not  exactly  due  to  contact,  but  that  each 
movement  of  heat  is  transformed  to  a  certain  extent  into  an 
electrical  movement,  and  vice  versa.  The  electromotive  force 
of  a  thermopile  depends  essentially  on  the  resistance  of  both 
the  conductors.  Whatever  our  theoretical  views  of  the  cause 
of  the  thermo-electric  current  may  be,  it  is  the  disturbance  of 
the  equilibrium  of  the  temperature  which  causes  the  disturb- 
ance of  the  electrical  equilibrium.  Since  both  depend  on  the 
material  natm-e  of  the  bodies,  we  must  succeed  at  some  future 
period  in  ascertaining  more  clearly  the  nature  of  this  con- 
nection. 

§  278.  The  other  mode  of  disturbing  electrical  equih- 
brium,  which  consists  in  the  introduction  of  a  conductor  of 
the  second  class,  is  intimately  connected  with  the  material 
nature  of  the  bodies.  All  the  conductors  of  this  class  are 
compound  substances,  and  therefore  capable  of  decomposition ; 
most  of  them  are  liquids,  some  are  semi-Hquid,  or  solid,  but 
not  so  rigid  as  to  preclude  a  certain  mobility  of  their  particles. 
They  are  characterised  by  the  fact  that  when  they  conduct  a 

'  Wiedemann,  Galvanismus,  i.  (2nd  edition),  804. 

*  Pogg.  Ann.  1875,  clvi.  601.  Vide  also  Clausius,  Die  mcchanische  W&rme 
Theorie  (2nd  edition),  ii.  1879,  section  7  ;  Die  Thennoelektrischen  Strimie,  111 
and  337. 
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voltaic  current  they  are  themselves  decomposed,  and  that 
their  conductivity  increases  with  the  temperature/  whilst  the 
conductivity  of  conductors  of  the  first  class,  which  are  not 
decomposed,  diminishes  with  the  temperature.^  The  con- 
ductors of  the  second  class  are  termed  Electrolytes,  i.e.  bodies 
decomposable  by  electricity. 

An  electrical  separation  is  brought  about  by  the  contact  of 
an  electrolyte  with  a  metal,  or  any  other  conductor  of  the  first 
class.  This  takes  place  whether  the  metals  are  noble  or  base, 
whether  they  are  attacked  or  not  attacked  by  the  electrolytes! 
As  a  general  rule  the  metal  becomes  negative,  and,  the  more 
strongly  negative,  the  nearer  it  is  to  the  positive  end  of  the 
tension  series.  For  example,  in  water,  zinc  is  more  strongly 
negative  than  copper,  and  in  dilute  acids  zinc,  iron,  and 
copper  are  electrically  negative,  and  gold  and  platmum  posi- 
tive. This  peculiarity  of  then:  behaviour  has  not  yet  been 
thoroughly  explained ;  but  there  is  no  doubt  that  the  metals, 
especially  those  which  are  strongly  positive,  attract  the  nega- 
tive constituent  of  the  electrolyte  0,  CI,  &c.  The  result  of 
this  attraction  may  be  that  the  portions  of  the  electrolyte 
which  are  in  contact  with  the  metal  are  either  decomposed,  or 
at  any  rate  arranged  in  such  a  way  that  the  negative  consti- 
tuent is  directed  towards,  and  the  positive  from  the  metal. 
Probably  a  condition  of  things  is  brought  about  similar  to 
that  existing  m  the  Leyden  jar  or  Franklin's  plate.  At  the 
contact  surface  a  layer  of  negative  electricity  in  the  electrolyte 
is  opposed  to  a  layer  of  positive  electricity  in  the  metal.  The 
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1 
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quantities  of  the  opposite  elec- 
tricities simultaneously  excited 
by  this  separation  are  distributed 
over  both  substances,  the  nega- 
tive through  the  metal,  and  the 
positive  through  the  electrolyte, 
as  is  shown  by  the  accompany- 
ing diagram.    When  two  metals 


are  immersed  in  the  same  liquid,  each  is  excited  in  its  own  pecu- 
liar fashion,  but  in  addition  the  electricity  excited  by  the  other 

'  Ohm,  Fogg.  Ann.  1844,  Ixiii.  403. 

^  Faraday,  Pliil.  Trans.  1821,  431 ;  Gilb.  Ann.  1822,  Ixxi.  241. 


GALVANIC  ELEMENTS 


523 


metal  in  the  liquid  also  extends  to  it,  so  that  its  final  condition 
is  represented  by  the  sum  of  both.  Wlien  zinc  and^  copper 
are  separately  immersed  in  water  or  dilute  sulphuric  acid, 
each  metal  will  be  negative,  the  zinc  more  strongly  than  the 
copper,  the  electrolyte  will  be  positive.  But  if  both  metals 
are  immersed  in  the  same  liquid,  then  the  positive  electricity 
from  the  zinc  passes  on  to  the  copper,  and  is  partly  neutrahsed 
by  its  negative  charge,  so  that  only  the  positive  excess  remains  ; 
and  in  the  same  way  the  positive  charge  in  the  liquid,  which 
proceeds  from  the  copper,  passes  on  to  the  zinc  and  diminishes 
without  destroying  its  negative  charge.  A  state  of  equilibrium 
cannot  exist  when  the  positive  copper  is  in  contact  with  the 
negative  zinc,  because  the  contact  of  the  metals  tends  to  make 
the  copper  negative  and  the  zinc  positive,  whilst  contact  with 
the  liquids  tends  to  reverse  this  condition. 

In  this  way  an  electric  current  is  produced  in  which  the 
positive  electricity  circulates  from  the  copper  through  the 
metaUic  contact  to  the  zinc,  and  from  this  through  the  elec- 
trol}^e  back  to  the  copper. 

This  combination  of  substances  for  producing  a  current  is 
termed  a  galvanic  element. 

§  279.  The  current  produced  by  an  element  of  this  descrip- 
tion differs  from  a  thermo-electric  or,  an  induced  current  which 
flows  through  a  circuit  entirely  composed  of  conductors  of  the 
first  class.  The  chief  point  of  difference  is  that  the  current 
in  passing  from  the  electrolyte  to  the  metal  liberates  the  con- 
stituents of  the  electrolyte  which  are  termed  ions.  The  con- 
stituent liberated  at  the  positive  pole  is  termed  an  anion,  that 
at  the  negative  pole  a  cation.  In  the  same  way,  the  conduc- 
tor of  the  first  class,  by  which  the  positive  electricity  enters 
the  liquid,  is  termed  an  anode  and  that  by  which  it  leaves  it  a 
cathode.  They  are  both  caUed  eZeciroties.  The  anion  is  electro- 
negative towards  the  cation.  We  can  also  say  that  a  positive 
ion  flows  in  the  direction  of  the  current  with  positive  electricity, 
the  negative  ion  flows  in  the  opposite  direction. 

As  the  ions  are  classed  in  the  tension  series,  their  separa- 
tion at  the  electrodes  causes  polarisation,  i.e.  a  current  moving 
in  a  contrary  direction  to  the  ordinary  current.  This  weakens 
and  finally  destroys  the  original  current,  so  that  a  state  of 
electrical  equilibrium  is  established. 
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The  difference  between  a  combination  of  substances  em- 
bracing one  or  more  electrolytes  and  one  composed  entirely  of 
conductors  of  the  first  class  is  not  due  to  the  impossiblity  of 
estabHshing  equilibrium  in  the  former  case,  but  it  arises  from 
the  fact  that  equilibrium  can  only  be  established  by  the  libera- 
tion of  the  ions  at  the  electrodes.  It  is  only  when  the 
polarisation  of  the  electrodes  is  partially  or  wholly  prevented 
that  a  state  of  equilibrium  is  not  estabhshed,  and  then  the 
electricity  circulates  contmuously,  and  fresh  quantities  of  the 
ions  are  continually  carried  to  the  electrodes.  There  are  two 
different  methods  of  preventmg  polarisation,  which  are  gene- 
rally used  simultaneously.  It  is  prevented  at  the  cathode  by 
making  this  of  the  same  substance  as  the  cation  which  is 
deposited  on  it,  so  that  no  new  body  is  introduced  by  this 
deposition.  The  anode,  or  that  portion  of  the  electrolyte 
which  surrounds  it,  is  made  of  a  substance  which  will  unite 
with  the  anion  and  render  it  harmless. 

In  this  way  we  obtam  a  constant  galvanic  element.  Its 
current  will  continue  so  long  as  material  lasts  which  hmders 
its  polarisation,  i.e.  the  equilibrium. 

§  280.  Since  the  movement  of  the  electricity  and  of  the  ions 
meets  with  resistance,  e.g.  friction,  their  continuous  movement 
demands  an  expenditure  of  energy  to  overcome  this  resistance. 
This  energy  is  imparted  by  the  chemical  changes  in  the 
electrolyte,  destroying  or  preventing  the  polarisation;  gene- 
rally by  oxidation  or  some  analogous  process  taking  place  at 
the  anode.  Instead  of  heat  which  these  changes  generally 
produce,  they  furnish  in  this  case  the  force  necessary  for  the 
movement  of  the  electricity  and  the  ions.  Fresh  quantities 
of  the  electrolyte  are  continually  decomposed,  and  its  consti- 
tuents carried  to  the  electrodes  ;  further  the  electricity  is  con- 
tinuously moving  through  the  whole  circuit,  not  only  through 
the  metallic  portion  of  the  circuit  but  also  through  the  elec- 
trolytes. The  portion  of  the  force  which  is  used  for  circula- 
tion of  the  current  again  appears  in  the  circuit  as  heat,  unless 
it  is  spent  in  other  work.  That  portion  used  for  liberating 
the  ions  can  only  be  regained  by  the  recombustion  of  the  ions.' 

'  Julius  Thomsen,  Wiedemann's  Ann.  1880,  xi.  246 ;  Joum.  f.  pr.  Cliem. 
N.F.  1880,  xxi.  73. 
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We  may  therefore  say  that  the  current  of  a  galvanic 
element  is  maintained  by  the  chemical  changes  taking  place 
in  it.  The  view  formerly  held  by  many  celebrated  physicists 
that  the  current  is  originally  produced  by  these  changes  is 
erroneous.  The  chemical  change  in  the  cell  of  a  galvanic 
element  which  prevents  polarisation  acts  in  the  same  way  as 
the  heat  imparted  to  the  junctions  of  a  thermopile  :  it  destroys 
the  electrical  equilibrium. 

§  281.  The  mtensity  of  the  current,  that  is,  the  amount  of 
electric  force  which  flows  through  any  given  section  of  the 
ch-cuit  in  the  unit  of  time,  depends  on  the  dimensions  and  on 
the  nature  of  the  conductors  forming  the  circuit.  According 
to  Ohm's  law  the  intensity  is  inversely  proportional  to  the 
resistance,  and  the  latter  can  be  directly  determined  by  experi- 
ment. The  resistance  K  is  inversely  proportional  to  the  con- 
ductivity «  (which  is  a  constant  depending  on  the  nature  of 
the  conductor).  It  is  also  inversely  as  the  section  co  and 
du-ectly  as  the  length  of  the  conductor  X. 

E  =  A,  or  if  the  cuxuit  is  composed  of  different  conduc- 

KO) 

tors,  E  =  -A-  +2^+  .... 

If  the  resistance  remains  constant,  different  combinations 
do  not  produce  the  currents  of  the  same,  but  of  very  different 
intensity,  according  to  the  nature  of  the  substances  in  contact. 
Hence  it  is  necessary  to  assign  a  definite  electromotive  force 
to  each  combination.  This  can  be  directly  measured  by  the 
difference  in  the  electrical  tension  of  the  free  ends  of  the 
broken  circuit,  but  it  is  generally  calculated  from  two  other 
values  which  can  be  experimentally  determined,  viz.  the  in- 
tensity and  the  resistance.    It  is  proportional  to  both. 

E=LK. 

E  SE 
This  equation  is  generally  given  as  I.=       or  I  = 

where  2  indicates  that  all  the  electromotive  forces  in  the  cir- 
cuit are  to  be  added  together,  and  also  all  the  resistances. 

It  follows  from  this  law  that  the  intensity  of  a  current 
has  a  twofold  dependence  on  the  nature  of  the  substances. 
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because  their  nature  determines  both  the  resistance  and  the 
electromotive  force.  Both  these  influences  exerted  by  the 
substance  can  be  separately  determined,  since  the  resistance 
depends  on  the  dimensions  of  the  body,  but  the  electromotive 
force  does  not.  Although  these  relations  are  very  simple,  con- 
fusion was  frequently  caused  in  former  days  by  ignoring  them 
in  considering  the  connection  between  the  intensity  of  the 
current  and  the  chemical  nature  and  affinity  of  the  substances. 

The  relation  between  the  atomic  weight  of  the  elements 
and  their  conductivity  has  already  been  discussed  m  §  74. 
The  conductivity  of  compounds  will  be  considered  pre- 
sently. 

§  282.  The  electromotive  force  of  a  combination  of  con- 
ductors of  the  first  and  second  class  is  by  no  means  a  simple 
value.    Since  the  current  results  from  the  simultaneous  action 
of  forces  tending  to  estabhsh  equilibrium,  i.e.  polarisation,  and 
forces  tending  to  destroy  it,  the  consequence  is  that  the 
electromotive  force  varies  with  each  of  these  forces.  The 
process  which  produces  or  tends  to  produce  polarisation,  i.e. 
the  decomposition  of  the  electrolyte,  has  this  peculiarity,  that 
the  electricity  flowing  through  the  electrolyte  is  proportional 
to  the  quantity  of  the  ions  liberated  at  the  electrodes.  Every 
atom  of  an  element  liberated  at  the  electrode  brings  with  it  a 
definite  amount  of  electricity,  negative  electricity  at  the  anode, 
positive  at  the  cathode.    The  amount  of  electricity  depends 
solely  on  the  chemical  equivalence  of  the  atom :  this  is  also 
true  of  ions  composed  of  groups  of  atoms  or  radicals.  A 
monovalent  atom  or  radical,  under  all  circumstances,  brings 
with  it  one  and  the  same  quantity  of  electricity.    This  is  in- 
dependent of  the  nature  of  the  atom  and  the  circumstances 
attending  its  liberation.    A  divalent  element  or  radical  brings 
with  it  twice  as  much,  and  a  trivalent  treble  the  quantity. 

If  the  experiment  is  so  arranged  that  the  polarisation  is 
at  once  destroyed  and  the  Uberated  ions  removed  by  chemical 
action,  then  we  shall  require  for  this  purjDose,  such  quantities 
of  the  necessary  substances  as  will  be  equivalent  to  the 
liberated  ions. 

In  an  element  composed  of  amalgamated  zinc,  platinum 
and  dilute  sulphuric  acid,  Hg  is  liberated  at  the  platmum 
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together  with  a  definite  quantity  of  positive  electricity,  the 
residue  SO^  of  the  acid  appears  at  the  zinc,  and  parts  with  0 
and  an  equivalent  quantity  of  negative  electricity.  If  these 
ions  remam  at  the  electrodes,  polarisation  and  finally  a  state 
of  equilibrium  will  ensue.  The  oxygen,  however,  oxidises  the 
zinc  and  the  oxide  dissolves,  forming  sulphate,  or  what  comes 
to  the  same  in  the  end,  the  SO,,  unites  with  the  zmc  to  form 
ZnSO.,,  and  if  the  platinum  is  surrounded  by  nitric  acid,  the 
is  oxidised  to  H2O.  As  a  definite  quantity  of  +  E  passes  from 
the  electrolyte  to  the  Zn  and  the  equivalent  quantity  of  —  E 
to  the  Pt,  we  have  the  following  equivalent  decompositions — 

11,^0^  =  11,  + SO, 
SO^  +  Zn  =  ZnSO^ 
H2  +  O  =  H2O, 

and  for  a  Daniell's  battery 

=  H2+SO4 
SO,  +  Zn=  ZnSO, 
H2  +  CuS04  =  H2S04  +  Cu. 

The  first  and  third  equation  may  be  replaced  by  a  single 
equation,  viz.  CuSO^  =  SO,  +  Cu.  The  passage  of  electricity 
from  one  electrode  to  the  other  is  associated  with  the  libera- 
tion of  the  ions,  each  equivalent  of  the  latter  is  always  accom- 
panied by  the  same  quantity  of  electricity.  If  no  secondary 
action  takes  place  in  the  electrolytes,  i.e.  no  other  chemical 
change  than  that  which  serves  to  maintain  the  current,  then 
there  will  be  a  complete  equivalence  between  these  decomposi- 
tions and  the  passage  of  electricity  from  one  metal  to  the 
other.  It  is,  therefore,  possible  to  determine  the  electricity 
quantitatively  if  we  take  as  unit  the  amount  of  electricity 
which  is  transported  by  a  monovalent  atom :  or  double  the 
quantity  may  be  taken  as  the  unit,  a  double  atom  of  hydrogen, 
or  a  single  atom  of  oxygen  or  any  other  divalent  atom.  This 
corresponds  to  the  old  equivalent  of  Berzelius.  The  latter 
unit  has  certain  practical  advantages,  as  many  of  the  ions  are 
divalent  and  calculations  with  half -atoms  are  inconvenient. 

Although  the  quantity  of  voltaic  electricity  depends  only 
on  the  number,  and  not  on  the  nature,  of  the  equivalents  of 
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the  electrolyte  which  is  decomposed,  nevertheless  the  influence 
which  the  nature  of  all  the  bodies  forming  the  circuit  exerts 
on  the  electromotive  force  of  the  combination  is  perceptible  in 
the  rate  with  which  the  movement  takes  place.  Since  this 
also  depends  on  the  resistance  which  is  offered  to  the  movement 
of  the  electricity  as  well  as  to  the  movement  of  the  ions,  it  is 
necessary  that  the  latter  should  be  determined  by  experiment 
and  eliminated.  The  product  of  the  resistance  into  the  in- 
tensity of  the  current  gives  the  electromotive  force,  i.e.  the 
acceleratmg  force  acting  on  the  electricity  and  the  ions. 

§  283.  The  electromotive  force  of  a  galvanic  combination 
of  conductors  of  both  classes  increases  with  the  strength  of 
the  forces  effecting  electrical  separation,  and  also  with  the 
rapidity  with  which  the  tendency  to  polarisation  is  destroyed. 
That  is  to  say,  it  mcreases  with  the  activity  of  the  chemical 
changes  of  the  conductors  of  the  second  class,  and  also  with 
the  distance  which  separates  the  conductors  of  the  first  class 
in  the  tension  series. 

As  the  expenditure  of  force  required  for  the  movement  of 
the  electricity  and  the  ions  is  supplied  by  thfe  chemical 
changes  in  the  electrolyte,  we  may  assume  that  under  similar 
conditions  the  amount  of  electricity  will  increase  with  the . 
amount  of  work  done  by  these  chemical  changes  and  the 
amount  of  heat  they  can  produce.  Now  Joule  '  has  shown  by  ex- 
periment that  the  chemical  changes  taking  place  in  the  cell  of  a 
galvanic  element  evolve  less  heat  than  they  are  really  capable 
of  producing.  The  difference  is  equivalent  to  the  work  re- 
quired for  the  movement  of  the  electricity  through  the  metallic 
conductors.  This  portion  which  is  not  liberated  in  the  cell 
overcomes  the  resistance  of  the  metallic  circuit,  and  appears 
here  in  the  form  of  heat. 

On  the  assumption  that  the  resistance  of  the  cells  is 
very  small  in  comparison  with  that  of  the  metallic  conduc- 
tors (an  assumption  which  is  not  always  correct).  Sir  William 
Thomson  ^  arrived  at  the  conclusion  that  '  the  mtensity  of  an 
electrochemical  apparatus  is,  in  absolute  measure,  equal  to  the 

•  Joule,  Phil.  Mag.  L3]  1841,  xix.  260. 

2  'On  the  Mechanical  Theory  of  Electrolysis,'   by  Sir  W.  Thomson, 
Fhil.  Mag.  [2]  1851,  ii.  434. 
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mechanical  equivalent  of  as  much  of  the  chemical  action  as 
goes  on  with  a  current  of  the  miit  strength  during  a  unit  of 
time.'  J.  C.  Maxwell '  expresses  this  view  as  follows  :  *  The 
electromotive  force  of  an  electrochemical  apparatus  in  absolute 
measurement  is  equal  to  the  chemical  action  of  an  electrolytical 
equivalent.'  The  electromotive  force  of  any  combination  can 
therefore  be  calculated  from  the  thermic  effect  of  the  chemical 
change  which  takes  place  in  the  conversion  of  an  electro- 
chemical equivalent. 

Julius  Thomsen  ^  confirmed  these  theoretical  deductions  for 
different  galvanic  elements  in  his  thermochemical  researches. 

In  a  Daniell's  element  in  which  copper  sulphate  is  de- 
composed and  zinc  sulphate  formed,  the  total  thermic  effects 
for  the  double  equivalent  are,  according  to  Thomsen — 

(Zn,  0,  SOgAq)  -  (Cu,  0,  S03Aq)  =  106090 -55960  =  50130=. 

If  cadmium  replaces  the  copper,  then  we  have 

(Zn,  0,  S03Aq)-(Cd,  0,  SOgAq)  =  106090 -89500  =  16590^ 

Now  50130  :  16590  =  1  :  0-33,  and  the  electromotive  forces 
of  these  two  combinations  stand  in  this  relation  to  each  other.^ 
Experimental  results  also  confirm  the  theoretical  deductions 
for  a  series  of  other  galvanic  elements. 

Thomson's"  hypothesis  is  not  universally  applicable. 
Joule's  experiments  prove  that  its  application  is  limited  by 
the  nature  of  the  metals  in  contact  with  the  electrolytes.  W. 
E.  Ayrton  and  J.  Perry  ^  have  also  pointed  out  exceptions  to 
this  law. 

Helmholtz^  has  recently  proved,  from  the  fundamental 
principles  of  the  mechanical  theory  of  heat,  that  Thomson's 
law  is  incorrect,  because  only  a  portion  of  the  energy  (termed 
free  energy)  produced  by  the  chemical  change  is  used  in 
maintaining  the  current.  He  also  pointed  out  the  existence 
of  galvanic  elements  of  considerable  electromotive  force  in 

'  A  Treatise  on  Electricity  and  Magnetism,  1873,  i.  316. 

Journ.  f.  prakt.  Chevi.  [2]  1880,  xxi.  78. 
'  S.  J.  Regnauld's  determination,  Wiedemann,  loc.  cit.  386. 
'  Loc.  cit.  432  note. 
'  Phil.  Mag.  [5]  1881,  xi.  43. 

"  'Die  Thermoflynamik  chemischcr  Vorgiinge,'  Berl.  Akad.  Bar.  v.  Feb 
1882  ;  Math.  Nat.  Mittheil.  Sitz.-Ber.  1882  p.  7  ;  Chem.  Centr.  1882,  700,  703 
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which  the  sum  of  all  the  thermic  effects  is  either  zero  or  a 
negative  quantity. 

This  was  followed  by  an  exhaustive  series  of  experiments 
by  F.  Braun,'  who  proved  that  J.  Thomson's  experimental 
confirmation  of  the  law  is  only  apparent.  In  the  elements 
investigated,  especially  in  the  Daniell,  the  differences  of  the 
free  energies  of  the  changes  taking  place  in  the  element  are 
nearly  equal  to  the  differences  of  the  total  thermic  effects  ;  but 
in  other  galvanic  combinations  these  differences  are  by  no 
means  equal.  The  electromotive  force  is  sometimes  larger 
and  sometimes  smaller  than  it  should  be  according  to 
Thomson. 

That  his  law  is  incorrect  is  plainly  evinced  by  the  well- 
known  fact  that  galvanic  combinations  in  which  the  same 
chemical  changes  are  taking  place  may  have  widely  different 
electromotive  forces. 

For  example,  in  any  combination  of  zinc,  sulphuric  acid, 
and  a  more  negative  metal,  the  chemical  change  is — 

Zn  +  H^SO,  =  ZnSO^  +  H^. 

Thomsen  has  shown  that  the  thermic  effect  of  this  change 
is — 

(Zn,  0,  SOaAq)  -  (H^,  0)  =  106090  -  68360  =  37730^ 

and  therefore  the  electromotive  force  is  0-75D,  i.e.  three- 
fourths  the  EMF  of  a  Daniell. 

This  force  varies  according  to  the  nature  of  the  second 
metal.  For  example,  according  to  Poggendorff's  determi- 
nations— 

Zn  I  Sn  =  0-41D  Zn  |  Cu  =  0-83D  Zn  ]  Pt  =  1-43D. 

If  the  zinc  is  amalgamated  the  EMF  increases  by  0-12  D 
in  each  of  the  three  combinations  without  any  alteration  in 
the  chemical  changes  in  the  electrolyte. 

In  each  of  these  three  combinations  the  amount  of  elec- 
tricity transferred  for  each  equivalent  of  hydrogen  is  obviously 
the  same.  The  only  difference  is  in  the  rate  at  which  the 
electricity  is  transferred.    If  all  the  resistances  are  equal  the 

'  Wied.  Ann.  1877,  v.  182  ;  1882,  xvi.  561  ;  xvii.  593. 
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intensities  of  the  currents  are  inversely  proportional  to  the 
times  required  for  the  transference  of  the  same  equivalents. 
For  the  combinations 

Zn,  H^SO,,  Sn ;  Zn,  H^SO,,  Cu  ;  Zn,  H2S04,Pt 
these  times  are  as 

=2-44  : =1-20  :  -4- =0-70. 


0-41  ■  0-83  '  1-43 

As  the  negative  metal  takes  no  part  in  the  chemical 
changes  this  difference  can  only  proceed  from  the  different 
strength  of  the  electrical  disturbance  resulting  from  the 
contact  of  the  different  metals  with  zinc  and  the  electrolytes. 
This  fact  can  hardly  be  explained  by  the  purely  chemical 
theory  of  the  electric  current,  which  rejects  the  idea  of  contact 
electricity.  It  furnishes  a  very  powerful  argument  in  favour 
of  contact  electricity,  and  must  be  regarded  as  a  proof  of  the 
correctness  of  Volta's  theory. 

§  284.  The  chemical  change  in  the  electrolyte  supports  the 
electric  current  by  destroying  polarisation,  and,  on  the  other 
hand,  the  electric  current,  whatever  its  origin,  decomposes  an 
electrolyte  introduced  into  its  circuit.  The  same  laws  govern 
this  decomposition,  known  as  electrolysis,  which  govern  the  flow 
of  electricity  (accompanied  by  chemical  change)  through  the 
cell  of  a  galvanic  element.  The  current  of  electricity  traverses 
the  electrolyte,  and  at  the  same  time  splits  it  up  into  two  con- 
stituents, the  ions,  with  which  it  appears  at  the  electrodes. 
According  to  Faraday's  discovery,  each  equivalent  of  any  given 
ion  is  always  accompanied  by  the  same  quantity  of  electricity 
at  the  electrodes.  Hence  it  follows  that  when  one  and  the 
same  current  passes  through  a  series  of  electrolytes  it  decom- 
poses equivalent  quantities  of  the  electrolytes.  As  previously 
mentioned  in  §  4,  Faraday's  law  can  be  employed  for  de- 
termining the  equivalent  weights  ^  of  the  elements  and  their 
compounds.  If  the  ions  enter  into  a  secondary  reaction  by 
acting  on  the  electrodes  or  the  constituents  of  the  liquids  sur- 
rounding them,  the  products  of  these  reactions  are  of  course 
equivalent  to  the  quantities  of  the  ions  and  to  the  electricity. 

'  Not  atomic  weights. 
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The  quantity  transferred  by  an  atom  of  hydrogen  or  other 
monovalent  atom  is  taken  as  the  unit.  In  electrolysis 
as  in  ordinary  chemical  reactions,  a  substance  may  possess 
different  equivalent  values  ;  this  is  especially  true  of  the 
metals.  Copper  and  mercury  are  monovalent  in  the  cuprous 
and  mercurous  salts,  but  divalent  in  the  cupric  and  mercuric 
compounds.  In  the  latter  case  their  atoms  carry  with  them 
twice  as  much  electricity  as  they  do  in  the  former.  The  elec- 
trolytic equivalent  is  not  an  invariable  property  of  the  atom, 
but  it  is  a  condition  which  varies  with  the  nature  of  the  com- 
pound. This  change  of  equivalence  is  not,  however;  of  frequent 
occurrence. 

§  285.  It  is  obvious  that  all  electrolytes  are  compound 
substances  ;  but  every  compound  is  not  an  electrolyte.  Com- 
pounds may  be  divided  into  three  classes :  (1)  conductors  of 
the  first  class,  which  are  not  decomposed  by  the  current; 
(2)  conductors  of  the  second  class,  or  electrolytes ;  (3)  non- 
conductors. The  particular  class  to  which  a  given  substance 
belongs  depends  on  its  chemical  nature  and  composition,  and 
also  on  its  physical  properties,  more  especially  on  its  state  of 
aggregation.  One  and  the  same  body  in  different  physical 
conditions  may  belong  to  different  classes. 

The  influence  of  physical  condition  is  exhibited  by  many 
elements  capable  of  existing  in  different  allotropic  modifica- 
tions. The  metallic  variety  is  a  conductor  of  the  first  class  ; 
the  other  modifications  are  non-conductors.  The  diamond, 
colourless  phosphorus,  and  amorphous  selenium  are  non-con- 
ductors ;  graphite,  crystalhsed  red  phosphorus,  and  crystalline 
selenium '  are  conductors  of  the  first  class.  Cmnabar  (red 
HgS)  is  a  non-conductor,  but  the  isomeric  black  sulphide  HgS 
is  a  fairly-good  conductor  of  the  first  class. 

Many  bodies  which  are  non-conductors  in  the  solid  state 
are  electrolytes  m  a  molten  condition,  e.g.  kg^^,  CugS.  Glass 
and  other  compounds  are  electrolytes  before  meltmg,  as  soon 
as  they  begin  to  soften. 

Some  compounds  which  are  in  the  solid  state  conductors 
of  the  first  class  appear  to  act  as  electrolytes  at  a  higher  tem- 
perature. At  any  rate,  Buff  ^  has  shown  that  many  oxides  and 

'  Hittorf,  Pogcj.  Ann.  1851,  Ixxxiv.  218.  *  Liebig's  Ann.  1859,  ex.  288. 
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sulphides,  such  asMnO^,  CrA-  FeA-  Fe30,  FeS,  PbS  SnO,. 
which  are  conductors  of.  the  first  class,  behave  like  electro- 
lytes masmuch  as  their  conductivity  increases  instead  of  di- 
minishes with  an  increased  temperature  (§  278) .  It  is  possible 
that  some  of  these  compounds  belong  to  the  same  category  as 
Ag„S,  PbF^  and  Hgl^,  which  Faraday  regarded  as  conductors 
of^'the  first  class.  Hittorf '  and  Beetz  ^  have  shown  that  these 
bodies  are  electrolytes  and  undergo  decomposition.  But  as 
it  has  not  been  definitely  proved  that  the  decomposition  is 
equivalent  to  the  intensity  of  the  current,  the  question  still 
remains  undecided  whether  one  and  the  same  body  can  be  an 
electrolyte  and  a  conductor  of  the  first  class.  Many  asserted 
cases  of  double  conductivity  have  proved  on  examination  non- 
existent. 

§  286.  The  chemical  nature  and  composition  of  the  sub- 
stance exert  a  great  influence  on  its  behaviour. 

All  compounds  whose  constituents  are  'metallic'  con- 
ductors are  also  conductors  of  the  first  class ;  viz.  all  alloys 
composed  of  the  metals,^  or  of  the  semi-metallic  elements." 
Alloys  containing  Bi,  Sb,  and  As,  and  also  those  containing 
the  phosphorus  and  nitrogen  metals,  are,  as  far  as  they  have 
been  investigated,  conductors  of  the  first  class.^ 

The  tellurium  and  selenium  metals  also  belong  to  this 
class. 

On  the  other  hand,  those  compounds  are  non-conductors 
which  are  enturely  composed  of  non-conducting  elements,  e.g. 
chloride  of  iodine,  bromide  of  iodine,  chloride  of  sulphur,  &c. 

Compounds  of  conductors  and  non-conductors  are  found  in 
each  of  the  three  classes.  But  no  compound  of  the  family 
VII.  B.— -i.e.  of  the  elements  CI,  Br,  I,  Fl— has  been  definitely 
proved  to  be  a  conductor  of  the  first  class.  According  to 
Faraday,  Hgia  and  PbFl2  belong  to  this  class,  and  so  does 
PbClj,  accordmg  to  Buff ;  ^  but  the  first  two  compounds 
have  been  proved  to  be  electrolytes  (see  §  285),  and  Kohl- 

•  Fogg.  Ann.  1851,  Ixxxiv.  20.  ^  lb.  1854,  xoii.  457,  461. 
'  E.  Obach,  Pogg.  Ann.  1875,  Supplement,  vii.  280. 

*  E.  Elsasser,  Wied.  Ann.  1879,  viii.  455. 

»  E.g.  molybdenum  phosphide,  Wohler,  Lieb.  Ann.  1859,  cix.  374. 
«  Loc.  cit.  285. 
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rausch  ^  has  shown  that  the  conductivity  of  AgCl,  AgBr,  and 
Agl,  even  in  the  soHd  state,  increases  with  the  temperature 
as  is  the  case  with  all  electrolytes.     Oxides  and  sulphides 
occur  in  all  three  classes. 

Only  the  halogens  Fl,  CI,  Br,  I,  and  both  the  first  mem- 
bers of  the  adjacent  family  in  the  natural  system  (§  61), 
viz.  0  and  S,  form  electrolytic  compounds.^  Bodies  which  do 
not  contain  any  of  these  six  elements  are  not  decomposed 
by  the  current.  They  are,  as  a  rule,  conductors  of  the  first 
class. 

Whether  the  compounds  which  these  six  elements  form 
with  other  elements  are  electrolytes  or  no  depends  on  the 
nature  of  the  other  constituents,  and  partly  also  on  the  num- 
ber of  atoms  in  the  compound.  It  is  difiicult  to  discrimmate 
clearly  between  these  influences;  consequently  too  great  a 
stress  was  formerly  placed  on  the  influence  of  the  number  of 
atoms  contained  in  the  compound. 

Before  any  distinction  was  drawn  between  monovalent  and 
divalent  elements,  it  was  beHeved  that  only  those  compounds 
can  be  electrolytes  which  are  composed  of  an  equal  number  of 
atoms  of  their  positive  and  negative  constituents.  This  rule 
is  no  longer  applicable,  since  the  majority  of  these  compounds, 
such  as  the  oxides  of  monovalent  metals  and  the  chlorides 
of  divalent  metals,  are  supposed  to  contain  two  atoms  of  one 
element  to  one  of  the  other.  It  has  also  been  proved  that  the 
chlorides  of  trivalent  metals,  such  as  Al,  Ce,  La,  Di,  are 
electrolytes.  If  bodies  of  the  composition  ECl,  ECI2,  ECI3, 
EgO,  and  EO  are  electrolytes,  it  can  no  longer  be  assumed  (as 
Hittorf3  has  already  pointed  out)  that  only  diatomic  com- 
pounds, i.e.  composed  of  only  two  atoms,  ECl,  EO,  possess 
this  property. 

There  are  certainly  some  chlorides  of  the  formula  ECI3 
which  are  non-conductors.  But  others  of  the  type  ECI3  or 
EgClg  are  electrolytes.    So  that  the  difference  arises  from  the 

'  Wied.  Ann.  1882,  xvii.  642. 

2  Bleekerode  {Wiede7nann's  Ann.  1878,  iii.  167  and  174)  calls  some  nitrogen 
compounds,  e.g.  hydrocyanic  acid,  ammonia,  good  conductors.    According  to 
Hittorf  [ibid.  iv.  412)  and  Kohlrausch  (ibid.  vi.  165)  this  is  hardly  justifiable. 
3  Fogg.  Ann.  1858,  ciii.  55  ;  1859,  cvi.  566. 
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nature  of  the  elements  rather  than  from  the  composition  of 
the  compounds.  Only  a  few  elements  are  known  which  form 
two  classes  of  compounds  with  negative  elements;  the  com- 
pounds poor  in  negative  elements  are  electrolytes,  e.g.  SnCl^, 
PbCla,  and  the  compounds  containing  a  larger  number  ol  the 
negative  atoms  are  non-conductors. 

It  is  obvious  that  an  electrolyte  need  not  of  necessity  have 
a  very  simple  composition,  since  many  acids  and  salts,  e.g. 
carbonates,  silicates,  nitrates,  phosphates,  sulphates,  chromates, 
chlorates,  and  the  salts  of  the  alkaloids,  which  are  composed 
of  a  large  number  of  atoms,  are  electrolytes. 

It  is  a  remarkable  fact  that  many  bodies  in  the  pure  state, 
and  therefore  apparently  under  the  simplest  conditions,  are 
non-conductors;  but  become  when  mixed  with  other  non-con- 
ductors good  electrolytes.  Aqueous,  alcohohc  and  ethereal 
solutions  of  different  salts  and  acids  are  electrolytes  ;  but  pure 
water,  alcohol  and  ether  are  non-conductors.  Many  of  the  salts 
are  non-conductors,  although  their  solutions  are  electrolytes. 
F.  Kohh-ausch  ^  maintains  that  no  simple  unmixed  substance 
is  an  electrolyte  2  at  the  ordinary  temperature.  It  only 
becomes  an  electrolyte  at  a  higher  temperature,  or  in  the 
presence  of  other  bodies.  These  facts  indicate  that  an  electro- 
lyte need  not  necessarily  have  a  very  simple  constitution. 

§  287.  The  connection  between  the  electrolytic  property  of 
a  compound  and  the  chemical  nature  of  its  constituents^  is 
difficult  to  determine,  because  the  physical  properties  which 
influence  the  electrolytic  decomposition  vary  with  the  com- 
position of  the  body.  It  is  often  questionable  whether  it  is  the 
composition  of  a  given  compound,  or  perhaps  the  unsuitable 
state  of  aggregation  it  is  in,  which  prevents  its  decomposition 
by  the  current.  Nevertheless,  it  will  not  be  uninterestmg  to 
take  a  general  view  of  the  behaviour  of  the  most  important 
compoimds  of  the  six  elements  which  form  electrolytes. 

These  six  elements,  F,  CI,  Br,  I,  0,  S,  as  well  as  their 
compounds  with  each  other,  are,  in  the  pure,  unmixed  state, 
non-conductors.    This  has  been  proved  in  the  case  of  liquid 

'  Fogg.  Ann.  1876,  clix.  271. 

2  According  to  Bleekerode  {loc.  cit),  hyclrocyanic  acid  and  ammonia  are 
exceptions  to  this  rule. 
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chlorine,  bromine,  iodine,  and  iodine  chloride  and  bromide  ' 
and  for  the  oxides  of  sulphur  SO2  and  SO3. 

The  compounds  of  these  six  elements  with  hydrogen,  HF 
HCl,  HBr,  HI,  H2O,  H2S,  are  all  non-conductors  in  the  liquid 
form,  if  each  is  examined  separately  and  unmixed  with  the 
others.2  Mixtures  of  the  first  four  compounds  with  the  fifth 
compound,  water,  are  very  good  electrolytes  ;  an  aqueous  solu- 
tion of  sulphuretted  hydrogen,  H^S,  conducts  much  better 
than  pure  water,  but  about  3,000  times  worse  than  aqueous 
hydrochloric  acid.^ 

The  fact  that  mixtures  of  halogen  acids  with  water  are 
good  electrolytes  is  perhaps  due  to  the  formation  of  such  com- 
pounds as  H30C1  =  HC1  +  H20. 

Julius  Thomsen  "  has  pointed  out  the  probable  existence  of 
these  compounds, 

§  288.  The  chlorides,''^  bromides,  &c.,  of  the  groups  of  the 
light  metals— 

I.  A  :  Li,  Na,  K,  Eb,  Cs. 
11.  A  :  Be,  Mg,  Ca,  Sr,  Ba. 
HI.  A  :  -,  Al,«  [Sc],  [Y],  La,  Ce,  Di,^  [Yb],« 

are,  in  the  molten  state,  good  electrolytes,  and  serve  for  the 
preparation  of  these  metals. 

Their  aqueous  solutions  are  also  good  electrolytes. 

They  decompose  thus :  E  |  CI,     E  |  CI2,     E  |  CI3. 

As  the  metals  decompose  water,  the  hydrates  are  formed 
by  a  secondary  action  in  the  aqueous  solution.  Their  forma- 
tion can  be  limited  by  Bunsen^s  method  of  using  a  powerful 
current  and  a  small  cathode,  so  that  more  metal  is  deposited 
than  can  be  decomposed  by  the  water  present. 

'  The  notion  that  chloride  and  bromide  of  iodine  are  electrolytes  proceeded 
from  an  erroneous  view  of  the  nature  of  their  aqueous  solutions. 

Bleekerode,  Wied.  Ann.  1878,  iii.  166 ;  for  HP  and  HCl  vide  also  Gore, 
Botj.  Soc.  Proc.  1869,  256. 

^  P.  Kohlrausch,  Gottingcn.  Nachr.  April  4,  1877,  196. 

■»  Fogg.  Ann.  1874,  Jubelband,  135. 

=  For  most  of  these  elements  only  the  chlorides  have  been  examined.  It  is 
only  in  a  few  cases  that  the  bromides,  fluorides,  and  iodides  have  been  investi- 
gated. 

"  Buff,  Liebig's  Annalcn,  1859,  ex.  273 ;  Hittorf,  Fogg.  Ann.  1859,  cvi.  390 
'  HiUebrand  and  Norton,  Fogg.  Ann.  1875,  civ.  633  ;  clvi.  466  ;  clviii.  71. 
*  The  elements  in  brackets  have  not  been  investigated. 
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The  heavy  metals  of  the  first  three  families  resemble  the 
preceding  groups  on  the  whole. 

I,  B  :  Cu,  Ag,  Au, 
II.  B  :  Zn,  Cd,  Hg, 
III.  B  :  Ga,  [In],  [Tl]. 

As  far  as  they  have  been  investigated,  they  are  analogous  to 
the  preceduig  groups,  but  still  some  points  of  difference  do 
exist. 

Molten  cuprous  chloride  >  and  silver  chloride  decompose 
thus : — 

Cu  I  CI  and  Ag  |  CI,  or  Cu2  |  C\  and  Ag,  |  Cl^. 

The  analogous  chloride  of  gold,  AuCl  or  Au2Cl^,  and  auric 
chloride,  AuClg,  are  not  fusible,  and  consequently  have  not 
been  investigated. 

Anhydrous  cupric  chloride,  CuCla,  loses  half  its  chlorine 
on  fusion,  and  cannot  therefore  be  examined.  The  aqueous 
solution  decomposes  in  the  same  way  as  all  the  other  cupric 
salts,  thus,  Cu  I  CI2. 

If  the  same  current  were  passed  through  molten  cuprous 
chloride  and  a  solution  of  the  cupric  chloride,  the  same 
quantity  of  chlorine  would  be  liberated  from  both  the  salts, 
but  the  cuprous  salt  would  deposit  twice  as  much  copper  as 
the  cupric,  Gu^  \  Cl^,  and  Cu  |  Cl^,  in  the  same  time  that 
or  Ag2  is  Hberated  in  the  voltameter.  Copper  is  electrolytic- 
ally  mono-  and  di-valent. 

Whether  the  decomposition  of  an  aqueous  solution  of  gold 
chloride  is  analogous,  Au  |  CI3,  and  whether  the  metal  is  electro- 
lytically  trivalent  has  not  yet  been  decided,^  as  the  solution 
cannot  be  obtained  free  from  hydrochloric  acid.  In  the  acid 
solution,  and  in  that  of  the  double  salts,  KCl .  AuClg,  &c.,  gold 
is  reduced  by  a  secondary  reaction.  According  to  Kohlrausch  ^ 
silver  iodide,  Agl,  differs  from  the  bromide  and  chloride  be- 
cause its  conductivity  dimmishes  when  it  is  cooled  below  its 
melting  point  (540°)  at  about  the  same  rate  that  it  does  in  the 
molten  state.  It  is  only  at  145°,  when  the  substance  be- 
comes crystalline,  that  the  conductivity  rapidly  diminishes. 

'  H.  Buff,  Liebig's  Annalen,  1859,  ex.  2G9. 

'  Hittort,  Pogg.  Ann.  cvi.  391.  '  Wied.  Ann.  1882,  xvii.  642. 
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ZnCl2  and  CdCla  are  good  electrolytes  in  the  molten  state  ^ 
or  in  solution.  The  corresponding  chloride  of  mercury,  HgCl 
is  an  exceedingly  bad  conductor  ^  in  the  fused  state  or  in  a 
perfectly  neutral  solution.  The  solution  soon  becomes  acid, 
and  is  then  a  better  conductor.  The  mercury,  deposited  in 
the  ratio  of  one  equivalent  Hg  to  B.^,  is  partly  if  not  entirely 
due  to  a  secondary  action  of  the  hydrogen.  It  is  still  ques- 
tionable whetlier  HgCla  is  an  electrolyte.  The  soUd  mer- 
curic iodide  Hgl,  begms  to  conduct  below  its  melting-point, 
so  soon  as  it  is  changed  to  the  yellow  modification  by  heat. 
Faraday  considered  it  to  be  a  conductor  of  the  first  class, 
but  Beetz  ^  has  proved  that  it  undergoes  decomposition  to 
a  certain  extent.  The  mercury  in  calomel,  HgCl  or  HggClj, 
is  probably  monovalent,  like  Cu  and  Ag  in  their  insoluble 
chlorides. 

Buff  ■'  obtained  the  equivalent  of  Hg  for  one  equivalent  of 
H  from  the  basic  mercurous  nitrate.  The  compounds  of  the 
rare  heavy  metals  of  the  family  HI.  B :  Ga,  In,  Tl,  have  not 
been  examined  in  the  molten  state.  Tl  is  probably  monovalent 
in  thallous  chloride.  TICI3  decomposes  on  fusion.  Gallium 
is  deposited  from  its  solution  on  electrolysis,  and  this  will 
doubtless  be  the  case  with  indium  and  thallium. 

§  289.  The  elements  of  the  four  remaining  groups,  and 
also  boron,  exhibit  a  considerable  difference  in  their  behaviour 
from  those  of  the  first  three  groups. 

According  to  Faraday,  BCI3  by  itself  is  a  non-conductor ;  so 
also  are  the  chlorides  of  family  lY.  A  :  C,  Si,  Ti,  Zr,  (Th  ?). 
CCI4  and  SiCl^,  which  were  examined  by  Faraday ;  TiCl4  and 
ZrCl4,  according  to  Becquerel,^  are  non-conductors.  The  elec- 
trolysis of  titanium  and  zirconium  chlorides  containing  iron 
(observed  by  Becquerel)  is  probably  due  to  a  secondary  action. 
Thorium  chloride  has  not  been  investigated.  In  the  second 
group  of  this  family,  which  embraces  the  easily  reducible 
metals, 

IV.  B  :  Sn,  Pb, 

'  According  to  F.  Braun  {Wied.  Ann.  1882,  xvii.  625)  perfectly  anhydrous 
ZnBr.j  and  Znlj  are  not  electrolytes. 

2  Buff,  Liebicfs  Annalen,  ex.  271.  *  Fogg.  Ann.  1854,  xcii.  457. 

■'  Loc.  cit.  270.  =  Ann.  Chim.  Phys.  [2]  1831,  xlviii.  348. 
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Buff '  has  investigated  stannic  chloride,  SnCl4,  and  found  that 
it  is  a  non-conductor  in  the  anhydrous  state.  The  aqueous 
sohition  is  decomposed  into  tin  and  chlorine,  but  Hittorf  ^  has 
shown  that  this  is  due  to  a  secondary  action.  The  hydro- 
chloric acid  formed  by  the  action  of  water  on  the  chloride  is 
electrolysed,  and  the  hydrogen  reduces  the  tin. 

§  290.  On  the  other  hand  the  chlorides  of  the  type  RClj, 
or  more  correctly  E2CI4,  viz.  PbgCl^,  and  Sn2Cl4,  are  electro- 
lytes in  the  molten  state  and  in  solution.  In  these  compounds 
the  metals  are  divalent,  Sn  and  Pb  being  equivalent  to  H2. 
Accordmg  to  Faraday  lead  fluoride,  PbjFl^,  is  a  conductor  of 
the  first  class,  but  Beetz  ^  has  proved  that  this  compound  is 
also  an  electrolyte. 

In  the  fifth  family,  V.  A  :  V,  Nb,  Ta, 

Y.  B  :  N,  P,  As,  Sb,  Bi, 

the  chlorides  of  group  A,  and  also  BiClg  have  not  been  ex- 
amined. But  as  PCI3,  ASCI3,  SbClg,  and  POCI3  in  the  isolated 
state  are  non-conductors,  this  is  probably  true  of  the  whole 
family  V. 

The  aqueous  solution  of  the  chlorides  of  V.  B  are,  like  those 
of  stannic  chloride,  decomposed  by  the  secondary  action.  The 
metals  are  reduced  by  the  H  resulting  from  the  electrolysis 
of  the  hydrochloric  acid.  A  hydrochloric  acid  solution  of  SbClg 
yields  explosive  antimony.* 

The  halogen  compounds  of  the  group  VI.  B  :  0,  S,  Se,  Te 
are,  as  far  as  they  have  been  examined,  non-conductors.  So 
also  are  the  compounds  which  the  halogens  YII.  B  :  Fl,  CI, 
Br,  I,  form  with  each  other,  e.g.  iodine  chloride  or  bromide. 

The  aqueous  solutions  of  the  latter  are  decomposed  by 
electrolysis  because  they  contain  iodic  and  hydrochloric  or 
hydrobromic  acids. 

The  chlorides,  bromides,  and  oxychlorides  of  the  following 
amilies  are  electrolytes. 

VI.  A  :  Cr,  Mo,  W,  U. 
VII.  A  :  Mn 
VIII.   a  :  Fe,  Co,  Ni. 

'  Anil.  Chim.  Plnjs.  [2]  1831,  xlviii.  273. 

^  Pogg.  Ann.  1859,  cvi.  896.  ^  j^j^^^  i844,  xcii.  460. 

^  Gore,  1858,  Phil.  Trans,  loo.  cit.  ;  Jahresbericht  Chem.  1858,  177,  179 ; 
Piei£fer,  Liebig's  Annalcn,  1881,  ccix.  161. 
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The  analogous  compounds  of 

VIII.  h  :  Ru,  Eh,  Pd,  and  VIII.  c  :  Os,  Ir,  Pt, 

are  probably  also  electrolytes. 

Bunsen  ^  has  proved  this  for  CrgClg  and  Mn^Cl^,  and 
Hittorf  2  has  demonstrated  the  same  for  UO„CL  and  Fe„Cl . 
and  Buff  ^  has  also  shown  the  probability  of  Fe^Cl^  being  an 
electrolyte.  The  anhydrous  uranium  oxy chloride  was  experi- 
mented on  in  the  molten  state,  and  the  other  chlorides  m 
aqueous  solution.  The  decomposition  of  these  solutions  was 
not  due  to  a  secondary  reaction,  as  the  metals  are  only 
obtained  with  currents  of  great  density,  i.e.  with  very  small 
cathodes.  If  a  large  cathode  is  used  the  metal  distributed 
over  its  surface  remains  in  contact  with  the  solution  and  de- 
composes water.  Hittorf  has  also  proved  that  the  metal  is 
really  transported  by  the  current,  and  not,  as  is  the  case  with 
tin,  reduced  at  the  place  it  happens  to  be  in.  In  the  case  of 
Cr.^Cly  and  Fe^Cl^  it  is  undecided  whether  the  chlorides  are  at 
once  split  up  into  metal  and  chlorine,  Gr^  |  Clg  and  ¥e^  \  Clg, 
or  whether  they  are  first  reduced  to  the  lower  chlorides  and 
then  decomposed, 

Cr^  I  C\,  and  Fe^  |  Cl^. 

In  either  case  three  atoms  of  chlorine  appear  at  the  anode 
for  one  atom  of  metal  at  the  cathode.    The  changes  are  either 

re2Cl6  =  Fe2  +  3Cl2, 
or  Fe2Clc  +  2HCl  =  Fe,Cl6  +  H2-|-Cl2 
=  Fe^Cl^  +  2HC1  -f-  Cl^  =  Fe^  +  2HC1  +  SCl^, 

so  that  the  results  are  the  same  in  either  case.  The  formation 
of  the  lower  chlorides  precedes  the  precipitation  of  the  metals, 
but  we  do  not  know  whether  the  reduction  is  brought  about  by 
hydrogen  or  by  the  liberated  metal. 

§  291.  The  results  of  the  investigations  mentioned  in  the 
preceding  sections  may  be  summarised  as  follows : — The 
chlorides  of  families  I.,  II.,  III.,  VI.A,  VILA,  and  VIIL,  are 
with  few  exceptions  electrolytes.  The  chlorides  of  groups  IV.A, 
V.A  (?)  and  B,  VI.B  and  VII.B,  are  non-conductors.    Wliat  is 

'  Fogg.  Ann.  1854,  xci.  619.  Fogg.  Ann.  1859,  cvi.  386  and  390. 

^  Liebig's  Annalen,  1859,  ex.  274  ;  xciv.  22. 
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the  cause  of  this  difference  ?  Is  it  due  to  the  fact  that  the 
compounds  capable  of  undergoing  electrolytic  decomposition 
contain  elements  which  are  electropositive,  and  are  conductors 
of  the  first  class,  and  that  the  chlorides  which  are  non- 
conductors chiefly  contain  negative  elements  which  are  non- 
conductors ?  or  is  it  due  to  the  fact  that  the  non-conducting 
compounds  cannot  be  heated  to  redness  on  account  of  their 
volatihty,  and  cannot  therefore  be  examined  in  that  condition 
which  Kohkausch'  declares  to  be  a  sine  qua  non  for  the 
electrolysis  of  an  unmixed  body.  The  first  hypothesis  is  not 
generally  appHcable,  as  we  not  only  have  the  following  non- 
conductors, B,  C  (as  diamond).  Si,  Ti,  Zr,  P,  S,  CI,  Br,  I, 
amongst  the  constituents  of  the  non-conducting  chlorides,  but 
also  the  following  conductors  of  the  first  class  C  (as  graphite), 
and  Sn,  As,  Sb,  Sr,  Te. 

The  second  hypothesis  meets  with  few  exceptions.  All 
chlorides  and  analogous  compounds  known  as  non-conductors 
are  easily  volatile,  and  on  this  account  have  not  been  examined 
at  a  red  heat,^  whilst  those  chlorides  which  are  electrolytes 
are  bodies  melting  at  a  high  temperature. 

Hence  it  appears  that  the  decomposability  of  the  pure 
unmixed  chlorides  by  electricity  depends  on  the  nature  of 
their  constituents  in  so  far  as  these  determine  their  fusibility 
and  volatility,  as  only  those  compounds  can  undergo  electro- 
lysis which  can  remam  in  the  molten  state  at  high  temperatures. 

Even  this  view  cannot  be  absolutely  correct,  although  it 
is  confirmed  by  the  behaviour  of  the  chlorides  in  group  IIB. 
The  difficultly  volatile  Zn  CI2  and  Cd  Cl^  are  electrolytes,  the 
readily  volatile  HgClg  is  a  non-conductor.  Of  the  chlorides  of 
tin  the  volatile  SnCl4  is  a  non-conductor,  the  less  volatile 
SnCl2  is  an  electrolyte.  We  must  remember  that  those  com- 
pounds which  are  non-conductors  when  isolated,  are  only 
decomposed  by  a  secondary  action  in  aqueous  solution,  and 
consequently  differ  essentially  from  the  true  electrolytes,  in 
their  behaviour   under   precisely   similar   conditions.  It 

•  §  28G,  p.  567,  loc.  cit. 

■  It  would  be  interesting  to  learn  whether  any  of  these  bodies  would  become 
conductors  if  they  were  heated  in  closed  vessels  almost  to  their  critical  tem- 
peratures. 
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appears  doubtful  whether  the  non-conducting  chlorides  which 
are  hquid  at  low  temperatures  would  be  changed  to  electrolytes 
at  a  red  heat.  This  is  a  problem  which  would  be  very  difficult 
to  solve,  but  its  experimental  solution  is  much  to  be  desired. 

§  292.  Generally  speaking,  the  oxides  and  sulphides  are 
analogous  to  the  chlorides  in  their  behaviour.  There  is  this 
difference,  that  some  oxides  and  sulphides  are  conductors  of 
the  first  class,  and  this  is  very  rarely,  if  ever,  the  case  with 
chlorides.  All  those  oxides  and  sulphides  are  non-conductors 
which  are  liquid  at  low  temperatures,  and  are  easily  volatile. 
Bleekerode  i  states  that  the  followmg  compounds  are  non-con- 
ductors, H,0,  H,S,  CO,,  CS„  NO,,  SO,,  SO3,  OsO„  and  that 
the  anhydrides  of  arsenious  and  boric  acids,  AsgOg  or  As^O., 
and  Bo^Og,  which  melt  at  high  temperatures,  are  also  non- 
conductors. 

The  anhydrides  ¥,0,,  CrOg  and  M0O3  are  electrolytes 
according  to  Buff'^  and  Bleekerode,  but  Hittorf^  states  that 
molten  CrOg  and  CrOaCl,  are  non-conductors.  Most  of  the 
oxides  which  require  a  high  temperature  for  fusion  are  non- 
conductors in  the  solid  and  electrolytes  in  the  molten  state. 
But  many  oxides,  such  as  PbO,  SnO„  Gr,0„  Fe,0„  Fe,0„ 
MnO,  are  conductors  in  the  solid  state,  although  they  differ 
from  true  conductors  of  the  first  class,  by  their  conductivity, 
like  that  of  all  electrolytes,  increasing  instead  of  diminishmg 
with  a  rise  of  temperature.'* 

If  they  really  do  conduct  without  decomposition,  these 
oxides  occupy  a  position  between  the  two  classes  of  conductors. 

The  oxides  of  two  elements,  and  especially  the  salts  of  their 
oxyacids,  are  almost  without  exception  electrolytes  both 
molten  and  in  solution.  Their  behaviour  is  analogous  to  that 
of  most  of  the  salts  of  the  halogen  acids.  Many  of  the  acids 
which  are  liquid  at  the  ordmary  temperature,  e.g.  sulphuric 
acid  HgSO^,^  nitric  acid  HNOg,*^  are  in  the  isolated  anhydrous 

'  Wicd.  Ann.  1872,  iii.  166,  171.  As  regards  SO3,  this  had  been  previously 
proved  by  Magnus,  Fogg.  Ann.  1858,  civ.  579,  and  Geuther,  Liebig's  Annalen, 
1859,  cix.  130. 

■•^  Lieb.  Ann.  ex.  275.      Fogg.  Ann.  1859,  cvi.  567.       Buff.  loc.  cit.  288. 
*  Wiedcmami's  Galvanismus,  2nd  edition,  i.  326. 
"  F.  Kohh-ausch,  Wiedemann's  Ann.  1879,  vi.  165. 
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state,  non-conductors,  or  much  worse  conductors  than  their 
aqueous  sokitions,  which  are  without  exception  good  conductors. 

It  is  remarkable  that  many  salts  are  good  electrolytes 
whose  constituents  are  either  poor  or  non-conductors,  e.g.  the 
salts  which  ammonia  forms  with  carbonic,  acetic,  and  hydro- 
cyanic acids.  ^ 

As  the  salts  of  ammonium  closely  resemble  the  salts  of  the 
alkalis  in  their  conductivity,  and  as  the  solution  of  ammonia 
is  distinguished  from  the  alkaline  hydrates  by  its  feeble  con- 
ductivity, Kohlrausch  rightly  concludes  that  the  aqueous 
solution  of  ammonia  contains  very  little  or  no  ammonium 
hydrate  NH^OH,  the  presence  of  which  is  erroneously  main- 
tained in  many  modern  text-books. 

§  293.  More  conductors  of  the  first  class  are  found 
amongst  the  sulphides  than  amongst  the  oxides,  but  many  of 
them  are  no  doubt  electrolytes.  A  careful  research  of  Hit- 
torf  2  has  shown  that  it  is  very  difficult  to  discriminate  between 
the  two  classes.  Not  only  in  the  experiment,  but  also  in  the 
interpretation  of  its  results,  many  difficulties  are  met  with. 

Most  sulphides  of  the  heavy  metals  are  conductors  of  the 
first  class  according  to  Hittorf,  e.g.  CuS,  HggS,  HgS,  SnS,, 
Bi^S;,,  FeS,  FeS^  CoS,  NiS. 

On  the  other  hand,  CugS  and  AgjS  are  electrolytes ;  their 
resistance  diminishes  with  the  temperature.  Probably  the 
following  sulphides  ZnS,  CdS,  SnS,  MnS,  SbgSa,^  which  are 
non-conductors  at  low  temperatures,  behave  in  a  similar  manner. 

Hittorf  calls  attention  to  the  fact  that  most,  if  not  all,  the 
metallic  sulphides  which  are  deposited  from  their  solutions  as 
black  precipitates,  are  conductors  of  the  first  class,  but  the 
coloured  precipitates  are  non-conductors  ;  e.g.  red  cinnabar  is  a 
non-conductor,  but  black  sulphide  of  mercury,  HgS,  is  a  con- 
ductor of  the  first  class. 

Only  the  sulphides  of  the  alkalis  and  alkaline  earths  can 
be  examined  in  solution,  as  the  other  sulphides  are  either 
insoluble  or  are  decomposed  by  water.  The  sulphides  of  the 
alkalies  are  excellent  electrolytes  ;  ^  they  stand  in  the  same 

'  Kohlrausch,  loc  cit.  190-191. 

■  The  formula  is  not  given,  but  Sb^S^  must  be  meant,  as  SKS^  loses  sulphur 
on  fusion.  "  From  a  private  communication  of  Kohlrausch's. 
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relation  to  sulphuretted  hydrogen  that  the  alkalis  do  to  the 
non-conductor  water. 

A  further  investigation  of  the  electrochemical  behaviour 
of  all  the  sulphides  is  very  desirable,  because  this  class  of 
compounds  forms  the  connecting  link  between  the  conductors 
of  the  first  class  and  electrolytes.  If  it  is  possible  for  one  and 
the  same  body  to  be  a  *  metallic '  conductor,  and  an  electro- 
lyte, or  non-conductor,  examples  will  be  found  amongst  the 
sulphides.  In  nature,  abrupt  transitions  without  connecting 
links  are  rare.  The  remarkable  results  of  Hittorf's  investiga- 
tion, which  prove  that  in  the  electrolysis  of  cuj)rous  and  silver 
sulphides  a  '  metaUic '  conductivity  is  soon  established,  will 
probably  have  an  important  bearing  on  our  knowledge  of  both 
kinds  of  conductivity.  In  the  case  of  cuprous  sulphide  threads 
of  metallic  copper  and  also  of  cupric  sulphide  are  produced, 
both  of  which  are  *  metallic  '  conductors. 

Whether  the  sulphides  which  are  conductors  of  the  first 
class  resemble  all  other  conductors  as  regards  the  decrease  in 
their  conductivity  with  an  increase  in  temperature  does  not 
appear  to  have  been  investigated. 

Hittorf '  has  shown  that  the  resistance  of  cuprous  selenide 
and  silver  selenide,  Cu2Se  and  Ag2Se,  increases  with  the  tempe- 
rature. They  are  therefore  conductors  of  the  first  class,  and 
differ  in  this  respect  from  the  analogous  sulphides.  Probably 
the  remaining  metallic  selenides  belong  to  this  class,  although 
Hittorf'^  and  W.  Siemens  ^  have  shown  that  the  conductivity 
of  amorphous  selenium  increases  with  the  temperature,  but  the 
conductivity  of  crystalline  selenium  diminishes  with  the  tem- 
perature. One  modification  of  selenium  is  an  electrolyte,  the 
other  a  metallic  conductor.  This  can  only  be  explained  on 
the  supposition  that  the  movement  of  the  electricity  in  this 
element  is  of  two  kinds,  one  kind  of  movement  is  facilitated 
by  the  increased  motion  of  the  particles  by  heat,  and  the  other 
is  retarded.  This  may  also  hold  good  for  the  metallic  sul- 
phides and  selenides. 

Sulphur  and  selenium  stand  on  the  border  line  which 


'  Pogg.  Ann.  1851,  Ixxxiv.  28.  ^  j^j^^^  217. 

3  Ihid.  1876,  clix.  119. 
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separates  the  negative  elements  capable  of  acting  as  anions 
from  the  rest.  If  the  most  negative  families  are  arranged  in 
the  same  order  as  in  the  table  §  61,  p.  120,  then  the  ele- 
ments capable  of  acting  as  anions  are  found  on  the  right  of 
the  line 


C  N 

Si  P 

As  Se 
Sb  Te 


0  P 
S-:  CI 
Br 
I 


Those  conductors  of  the  first  class  which  are  composed  of  ele- 
ments on  the  left  of  this  dividing  line  with  more  positive 
elements  should  be  more  carefully  examined,  more  especially 
with  a  view  of  ascertauiing  whether  all  metallic  nitrides, 
phosphides,  arsenides,  selenides,  and  tellurides  possess  a  con- 
ductivity which  decreases  with  an  increase  in  temperature. 
This  has  been  shown  to  be  the  case  for  all  alloys  of  the  posi- 
tive metals  and  also  for  copper  arsenide. ^ 

§  294.  The  two  kinds  of  electrical  conductivity  differ 
essentially  from  each  other.  In  metallic  conductors  the  elec- 
tricity is  passed  on  from  one  particle  to  another,  but  there  is 
no  change  in  the  position  of  the  particles  themselves.  In 
electrolytes  the  particles  move  with  the  electricity,  but  the 
passage  of  the  electricity  from  one  particle  to  another  is  not 
excluded.  This  doubtless  frequently  happens,  but  the  elec- 
tricity cannot  change  its  place  without  some  particle  moving 
with  it.  It  always  requires  a  carrier,  which  it  may  change  as 
a  rider  changes  his  horse.  These  carriers  of  electricity  are  not 
whole  particles  or  molecules,  but  fractions  of  molecules.  Some 
flow  with,  others  against  the  current ;  the  former  are  charged 
with  a  definite  amount  of  positive,  and  the  latter  with  a  defi- 
nite quantity  of  negative  electricity. 

It  is  very  remarkable,  and  at  first  sight  very  puzzling, 
that  these  molecular  fractions,  the  ions,  which  were  originally 
combined  together,  only  appear  at  points  far  apart,  viz.  the 
surfaces  of  the  electrodes.  Not  the  slightest  trace  of  them 
can  be  detected  in  the  mass  of  the  electrolyte  lying  between 
these  points. 

'  Wiedemann,  Galvanismus,  2nd  edition,  i.  305. 
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Many  theories  have  been  promulgated  to  explain  this 
remarkable  phenomenon.  The  oldest,  that  of  Grotthuss,'  is 
no  longer  tenable,  as  it  regards  the  electrolytes  as  a  regularly 
arranged  aggregation  of  molecules  in  a  state  of  rest,  but  we 
are  now  compelled  to  consider  that  in  every  liquid,  and  con- 
sequently in  every  electrolyte,  there  is  an  active  and  irregular 
movement  of  the  isolated  particles.  Although  the  particles 
are  isolated,  they  adhere  to  each  other  with  a  certain  amount 
of  cohesion.  A  closer  examination  of  the  phenomenon  of 
electrolysis  also  shows  that  the  movement  of  the  ions  does  not 
take  place  with  that  amount  of  regularity  Grotthuss  sup- 
posed. 

Although  the  nature  of  electrolysis  is  not  clearly  under- 
stood at  the  present  time,  there  is  no  doubt  that  the  passage 
of  the  electricity  through  the  electrolj^tes  is  intimately  asso- 
ciated with  the  different  movements  which  occur  in  liquids  in 
the  absence  of  electrical  excitement.  These  movements  are 
rather  used  in  the  passage  of  the  electricity  than  caused  by  it. 

The  electrolysis  of  a  homogeneous  molten  substance,  which 
appears  to  be  the  simplest  case,  is  difficult  of  observation, 
because  in  this  case  it  is  only  the  appearance  of  the  ions  at 
the  electrodes  and  any  secondary  effects  they  produce  which 
are  perceptible.  No  change  can  be  observed  in  the  chcuit 
itself,  in  the  mass  of  the  electrolyte.  The  changes  in  an  elec- 
trolytic mixture  of  several  bodies  are  more  easy  to  study.  In 
an  aqueous  or  alcoholic  solution  conclusions  may  be  deduced 
from  the  changes  in  composition  of  the  electrolyte  in  different 
parts  of  the  circuit.  Our  present  knowledge  of  electrolysis 
has  been  chiefly  derived  from  the  investigation  of  aqueous 
solutions. 

§  295.  The  separation  of  the  ions  at  the  electrodes  first 
proceeds  from  that  portion  of  the  electrolyte  which  is  in  direct 
contact  with  the  electrodes.  But  this  loss  is  partly  made  good 
by  the  mass  lying  between  the  electrodes,  so  that  finally,  after 
the  current  has  been  maintained  for  a  sufficient  length  of  time, 
the  anions  are  found  at  the  anode,  and  the  cations  at  the 
cathode.    This  movement  is  termed  a  migration  of  the  ions  by 

'  Vide  Wiedemann,  Galvanismtis,  2nd  edition,  i.  G14. 
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Hittorf,'  whose  investigations  have  thrown  much  light  on 
these  phenomena.  He  confirmed  by  numerous  careful  experi- 
ments the  predictions  of  L.  Gmelin,  Daniell  and  Miller,  that 
the  two  ions  do  not  migrate  at  the  same  rate.  He  determined 
quantitatively  the  relative  rate  of  migration  of  a  very  large 
number  of  ions,  and  corrected  by  these  determinations  many 
persistent,  long-standing  errors  concerning  their  nature  and 
composition,  showing  that  many  substances  regarded  as  cations 
are  deposited  by  a  secondary  action,  and  that  they  really 
move  towards  the  anode. 

By  means  of  ingenious  but  simple  apparatus,  the  experi- 
ment was  modified  so  as  to  leave  the  middle  layer  of  electrolyte 
unaltered  in  composition,  because  up  to  the  time  when  the 
electrolysis  ceased,  this  middle  layer  did  not  part  with  more 
than  it  was  receiving  from  the  adjacent  layers.  In  this  way 
he  obtained  'migration  values,'  i.e.  the  relation  between  the 
equivalents  of  the  ions  which  have  passed  through  this  un- 
altered section,  and  the  quantities  of  the  equivalents  deposited 
at  the  electrodes. 

From  a  solution  of  1  part  of  copper  sulphate  crystals 
CuSO^  SHjO,  in  5-75  parts  of  water,  0-2955  gramme  of  Cu  were 
deposited  on  the  cathode,  but  only  0'0843  gramme  Cu  j)assed 
through  the  unaltered  layer,  or,  to  1  equivalent  of  precipi- 
tated Cu, 

=  0-285  equivalent  Cu. 

2955 

As  the  precipitated  copper  was  combined  with  1  equivalent 
of  SO^,  and  as  the  solution  at  the  cathode  only  contained  neu- 
tral salt  and  water  after  electrolysis,  1  —0-285  =  0-715  Eq  SO4 
must  have  migrated  through  the  unaltered  section  to  the 
anode.  If  both  the  ions  moved  at  the  same  rate,  half  an 
equivalent  of  each  ion  would  pass  through  the  middle  layer  ; 
for  under  this  assumption  each  half  of  the  solution  sends 
equal  quantities  of  the  ions  to  the  electrodes.  The  liquid  at 
the  cathode  would  deposit  0*5  Eq  Cu,  and  transmit  0-5  Eq  SO4 
through  the  middle  layer  to  the  anode ;  the  solution  at  the 

'  '  De  lontum  Migrationibus  Electrolyticis,'  Habilitationsschrift,  Miinster 
1853  ;  Pogg.  Ann.  1853,  Ixxxix.  177  ;  1856,  xcviii.  1 ;  1858,  oiii.  1 ;  1859,  cvi! 
B37,  513. 

N  N  2 
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anode  would  send  0*5  Eq  Cu  through  the  central  section  to  the 
cathode,  and  0-5  Eq  SO4  direct  to  the  anode.  But  as  2*5  SO 
to  1  of  Cu  pass  through  the  unaltered  layer,  it  is  evident 
that  in  this  instance  the  anion  SO4  migrates  much  more 
rapidly  than  the  cation  Cu.  The  layer  which  maintains  its 
composition  unaltered  the  longest  does  not  lie  in  the  middle 
between  the  electrodes,  but  is  much  nearer  the  cathode. 

In  most  of  the  examples  examined  by  Hittorf,  the  anion 
moves  much  more  rapidly  than  the  cation,  especially  in  the 
electrolysis  of  the  salts  of  most  of  the  strong  mineral  acids. 
But  in  the  acetates  and  cyanides  the  reverse  takes  place,  the 
cation  moves  more  rapidly.  The  metals  of  the  alkalis,  espe- 
cially potassium,  migrate  only  a  httle,  if  at  all,  slower  than 
chlorine,  bromine,  iodine,  and  other  anions,  but  both  the  light 
and  heavy  diad  metals  move  much  more  slowly. 

As  a  rule,  the  rate  of  migration  of  the  negative  constituent, 
the  anion,  mcreases  with  the  concentration  of  the  solution, 
but  the  reverse  is  true  of  many  salts  of  the  alkalis,  e.g.  potas- 
sium nitrate,  chlorate,  and  cyanide,  sodium  nitrate  and 
acetate.  Hydrochloric  acid  diluted  with  82  times  its  weight 
of  water  exhibits  its  minimal  rate  of  migration  for  Chlorine. 
Sulphuric  acid  diluted  with  5  parts  by  weight  of  water  is 
in  a  similar  position  as  regards  SO., ;  additional  dilution  or 
concentration  increases  the  rate. 

§  296.  Not  only  the  ions,  but  the  solvents  also  move. 
Water  always  moves  in  the  direction  of  the  positive  current, 
and  so  also  do  some  other  non-conducting  liquids,  alcohol, 
turpentine,  and  carbon  bisulphide,  as  a  general  rule,  but  under 
certain  conditions  they  move  in  the  opposite  direction.  This 
movement  of  the  solvent  is  not,  as  a  rule,  perceptible,  because 
it  causes  an  inequality  of  the  hydrostatic  pressure  in  the 
liquid,  which  at  once  corrects  itself.  It  can  only  be  observed 
when  this  compensatory  movement  is  hindered.  It  was  dis- 
covered in  1807  by  Eeuss,'  in  Moscow,  who  separated  the 
liquid  in  two  parts  by  means  of  a  porous  partition,  which 
interfered  with  the  movement  of  the  return  current.  This 
phenomenon  he  termed  '  motus  stochiagogus.'  Porret,  Bec- 
querel,  Wiedemann,  Hittorf,  Quincke  and  other  physicists 
'  Vide  Wiedemann,  Galvanismus,  2n(L  edition,  i.  576. 
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have  investigated  the  phenomenon,  which  is  generally  known 
as  '  electric  endosmose.'  A  more  suitable  appellation  is  that 
proposed  by  E.  du  Bois  Eeymond,  viz.  '  the  cataphoric  action 
of  the  cm-rent.'  The  movement  may  be  observed  in  any  case 
where  the  path  of  the  cm-rent  is  considerably  contracted  by 
non-conducting  solid  bodies,  in  glass  capillaries,  or  in  porous 
partitions  composed  of  earthenware  plates,  or  of  sand,  clay, 
sulphur,  charcoal,  &c.  Solid  particles  suspended  in  water  are 
carried  along  by  the  current. 

According  to  Hittorf's  experiments  '  the  movement  of  the 
solvent  has  no  influence  on  the  rate  of  migration.  Hence  it 
follows  that  both  are  carried  along  in  the  same  way  by  the 
water.  The  solution  moves  as  a  whole,  for  if  the  motion  of  one 
of  the  ions  is  more  strongly  influenced  than  that  of  the  other, 
the  rate  of  migration  of  the  cation  will  be  increased  in  each 
case.  Although  the  motion  of  the  ions  and  that  of  the  whole 
solution  are  independent  of  each  other,  still,  they  bear  the 
same  relation  to  each  other  under  similar  external  conditions, 
as  they  are  both  proportional  to  the  strength  of  the  current. 

Quincke  ^  has  observed  that  just  as  the  electric  current 
forces  a  liquid  through  a  porous  wall,  in  the  same  way,  when 
a  liquid  is  forced  through  a  porous  partition,  it  produces  a 
stream  of  electricity,  flowing  in  the  same  direction.  This 
observation  throws  much  Hght  on  the  intimate  relation  between 
the  motion  of  the  Hquid  and  the  forces  exciting  the  electric 
current. 

The  production  of  a  current  by  the  contact  of  a  metal  with 
two  solutions  of  different  degrees  of  concentration  of  one  of  its 
own  salts,  probably  depends  on  the  same  cause.  This  pheno- 
menon was  predicted  by  Helmholtz  ^  on  theoretical  grounds, 
and  was  discovered  experimentally  by  James  Moser.*  If  two 
vessels,  filled  with  solutions  of  zinc  sulphate  of  different  de- 
grees of  concentration,  are  connected  by  a  syphon,  then,  by 
immersing  two  similar  zinc  plates  in  metallic  contact  with 
each  other,  one  in  each  vessel,  an  electric  current  will  flow 
from  the  dilute  to  the  strong  solution  and  return  through  the 
metal.    The  current  flows  in  the  same  direction  as  the  diffu- 

'  Pogg.  Ann.  1856,  xcviii.  8.  «  Ihid.  1859,  cvii.  1 ;  1860,  ex.  38. 

»  Wied.  Ann.  1878,  iii.  201.  *  Ibid.  1878,  iii.  216. 
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Bion  of  the  water.  Zinc  is  precipitated  at  the  cathode,  and 
the  same  quantity  of  zinc  is  dissolved  from  the  anode.  The 
total  thermic  effects  of  the  chemical  action  in  this  element  are 
therefore  null.  The  force  required  for  the  movement  of  the 
electricity  is  derived  from  the  diffusion.  These  experiments 
justify  the  assumption  that  the  flow  of  electricity  is  always 
accompanied  hy  a  current  of  water ;  the  latter  is  not  observed 
because  the  liquid  generally  flows  back  to  its  original  level.  It 
is  by  no  means  improbable  that  the  mass  of  a  molten  electro- 
lyte moves,  as  well  as  the  ions,  but  at  present  this  has  not 
been  ascertained.  The  electrolysis  of  a  solution  is  rather  a 
compKcated  process ;  the  solutions  move  as  a  whole,  and  the 
two  ions  move  in  opposite  directions. 

§  297.  As  the  movement  of  the  electricity  is  connected  with 
that  of  the  ions,  it  has  to  overcome  any  obstacles  which  oppose 
a  change  m  the  position  of  the  ions.  The  conductivity  of  an 
electrolyte  increases  with  the  mobility  of  the  particles  which  it 
yields  on  electrolysis,  or  the  resistance  increases  with  their 
want  of  mobility.  Since  electrolysis  consists  m  the  motion  of 
both  the  ions,  the  conductivity  depends  on  the  nature  of  the 
two  ions.  It  is  determined  by  the  sum  of  their  mean  velocities. 
This  is  proved  by  the  observations  of  F.  Kohlrausch,^  who 
has  systematically  and  exhaustively  investigated  the  relation 
between  the  conductivity  of  a  body  and  its  chemical  com- 
position. With  the  aid  of  Hittorf's  determinations  of  the 
rate  of  migration,^  he  has  been  able  to  calculate  the  velocities 
of  the  individual  ions  in  a  large  number  of  electrolytes  from 
their  observed  conductivity. 

In  dilute  solutions  the  constants  of  conductivity  c  are  very 
nearly  proportional  to  the  concentration,  i.e.  to  the  number  m 
of  electrolytic  equivalents  contained  in  the  unit  of  volume. 

c  =  m  .  \. 

When  the  factor  A,  represents  Kohhausch's  '  specific 
molecular  conductivity,'  \  =  u  +  v.  The  specific  molecular 
conductivity  is  the  sum  of  the  values  u  and  v,  which  are  i^ro- 
portional  to  the  individual  velocities  of  the  ions.  Their 


'  Wied.  Ann.  1879,  vi.  1,  146. 


^  Loc.  cit.  295. 
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relation  to  Hittorf's  rate  of  migration  n  is  expressed  by  tiie 
equation 

u  :  V  =  1  —  n  :  n; 
from  which  it  follows  that 

n  =   ,    1  —  n  =  

U  -\-  V  U  +  V 

As  n,  c  and  m  can  be  determined  by  experiment,  the 
velocities  of  all  the  ions  can  be  measm^ed  by  the  same  stand- 
ard of  comparison, 

c  c 
w  =  (1  —  w)  —  =  (1  —  w)  A.,    V  =  n  —  =  n\, 
m  m 

and  may  all  be  expressed  in  terms  of  absolute  measurement. 

By  means  of  this  formula  Kohlrausch  calculated  the 
mobility  of  the  ions  for  fluorides,  chlorides,  bromides,  iodides, 
cyanides,  hydrates,  chlorates,  nitrates,  and  acetates  of  the 
alkaU  metals,  including  ammonium,  also  of  hydrogen,  silver, 
the  metals  of  the  alkaline  earths,  and  of  some  of  the  heavy 
metals.  He  obtained  closely  concordant  results  for  the  mo- 
bihty  of  the  ions  from  observations  made  with  perfectly 
distmct  bodies.  The  mean  values  expressed  in  Kohlrausch's 
unit  are  given  in  the  following  table  : — 


Cations 

u  W 

Cations 

u  10' 

Anions 

V  10' 

Anions 

V  10' 

H 

278 

Ws 

23 

OH 

141 ' 

NO, 

46 

Li 

21' 

iCa 

26 

P 

30 

CIO3 

40 

Na 

31' 

iSr 

28 

01 

49' 

23 

K 

48' 

Pa 

29 

Br 

53 

NH^ 

47 

Pu 

29 

I 

53' 

Ag 

40 

20 

ON 

50 

If  the  conductivities  and  rates  of  migration  are  recalculated 
from  these  numbers  they  will  be  found  in  most  cases  to  agree 
closely  with  the  experimental  results.  The  velocities  clearly 
depend  on  the  atomic  weights.  In  all  the  families  examined 
they  increase  with  the  atomic  weights. 

Li  Na  K  Mg  Ca  Sr  Ba  F  CI  Br  I 
 >  >  > 

The  alkali  metals  have  a  greater  mobility  than  the  equi- 
valent quantities  of  the  metals  of  the  alkaline  earths,  and  the 

'  These  numbers  have  been  confirmed  by  J,  Kuschel  (Wied.  Ann.  1881,  xiii. 
289). 
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heavy  metals,  Cu,  Ag,  belonging  to  the  same  group,  move 
more  rapidly  than  Zn,  which  is  associated  with  the  group  of 
alkaline  earths.  Ammonium  has  nearly  the  same  mobihty  as 
potassium,  with  which  it  is  isomorphous.  Experiments  made 
with  the  salts  of  dibasic  acids  (sulphuric  and  oxalic)  gave  very 
different  results,  but  at  present  these  exceptions  cannot  be 
explained.  The  following  numbers  were  obtamed  for  sulphuric 
acid  and  its  salts. 


A  10' 

n 

u  10' 

for 

V  10' 

for 

iH^SO, 

iNa.,SO, 

iK,SO, 

iMgSO, 

iCuSO, 

|ZnSO, 

206 
63 
79 
37 
33 
34 

0-20 
0-63 
0-50 
0-63 
0-64 
0-64 

164-8 
23-3 
39-5 
13-7 

11-  9 

12-  2 

fH, 

Pa^ 

4K., 

iMg 

*Cu 

iZn 

41-2 
39-7 
39-5 

20-  9 

21-  1 
21-8 

ISO, 

II 
»» 
)l 

Here  the  mobihty  of  hydrogen  and  of  the  metals  is  much 
smaller  than  it  is  in  the  electrolysis  of  the  salts  of  monobasic 
acids,  viz.  in  the  proportion  of 


40  : 

48  = 

1 

:  1-20  for  K 

23  ; 

31  = 

1 

1-35 

,  Na 

14  : 

23  = 

1 

1-64  , 

.  iMg 

12  : 

20  = 

1 

1-67 

,  ^Zn 

165  : 

278  = 

1 

1-68  , 

,  H 

12  : 

29  = 

1 

2-15  , 

,  |Cu 

These  results  show  that  the  mobility  of  each  of  these  cations 
diminishes  as  it  becomes  less  positive.  What  law  governs  this 
relation  is  not  at  present  known. 

Kuschel  •  has  shown  that  in  the  carbonates,  the  alkah  metals 
with  the  exception  of  hthium  have  the  same  mobihty  as  in  the 
salts  of  monobasic  acids,  CO3  =  29. 

According  to  Kohlrausch  the  difference  in  the  mobility  of 
the  monovalent  metals  may  be  explained  on  the  supposition 
that  the  metals  are  deposited  as  single  atoms,  e.g.  'Kx,  from 
compounds  with  monovalent  anions,  but  on  the  electrolysis  of 
the  sulphates  they  are  liberated  as  double  atoms,  'K^x,  which 
move  more  slowly  than  the  single  ones.  But  there  is  no  diffe- 
rence in  the  mobility  of  anions  such  as  CI,  whether  they  are 
hberated  from  monovalent  or  divalent  metals.  But  the  anion 
SO4  moves  twice  as  fast  when  the  cation  is  monovalent  as 

'  Wied.  Ann.  1881,  xiii.  297. 
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when  it  is  divalent.  Kohlrausch  '  points  out  that  there  are 
many  other  grounds  for  beUeving  that  there  is  a  difference  in 
the  constitution  of  sulphates  of  mono-  and  di-valent  metals.^ 
From  the  small  number  of  experiments  that  have  been  made 
it  appears  that  the  oxalates  behave  like  the  sulphates. 

§  298.  It  must  be  mentioned  that  the  determination  of 
mobility  yields  uncertain  results  where  0  or  H  or  both  appear 
as  ions.  It  is  obvious  that  the  rate  of  migration  of  these 
elements  of  water  cannot  be  determined  in  aqueous  solution, 
so  that  it  is  not  known  with  certainty  how  the  electrolyte  is 
decomposed.  In  consequence  of  this,  opinions  are  divided  on 
the  electrolysis  of  sulphuric  acid,  the  alkaline  hydroxides,  and 
other  hydrogen  compounds. 

Assuming  that  sulphuric  acid  is  decomposed  according  to 
the  equation 

H,  I  SO,  =:  H,  I  SO3O, 

then  the  rate  of  migration  n  for  the  anion  SO,  =  0-20. 

But  under  the  equally  probable  supposition  that  the  elec- 
trolysis takes  place  thus, 

H  I  HSO„  H,  I  SO5  or  Hg  |  SO^  (Bourgoin), 

then  n  =  O'lO,  n  =  0-40  or  w  =  0-60. 

For  in  the  first  of  these  three  cases,  each  SO3  is  equivalent 
to  H,  not  H2,  in  the  second  case  it  is  equivalent  to  H,  in  the 
third  to  Hg. 

But  as  \  varies  with  the  electrolytic  equivalent  of  the  com- 
pound, the  anion  wiU  have  the  same  velocity,  but  that  of 
hydrogen  will  vary  to  a  considerable  extent,  viz,  : 


A  10' 

n 

u  10' 

for 

vlO' 

for 

H,  HSO, 
iH„  SO, 
iH„  SO, 
^H„,  S0„ 

412 
206 
103 
68-7 

0-10 
0-2 
0-4 
0-6 

370-8 
164-8 
61-8 
27-4 

H 

iH, 

41-2 
41-2 
41-2 
41-2 

SO.H 

fso, 

ISO, 

iso„ 

Different  values  are  also  obtained  for  H  and  0  accordmg  as 
we  assume  that  the  electrolysis  of  the  alkali  hydroxides  takes 
place  according  to  the  equation 

K  I  OH  or  KH  |  0, 

•  Wied.  Ann.  1881,  xiii.  179.  ^  Vide  §  179. 
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and  that  of  dilute  hydrogen  acids  as 

H  I  CI  or  H3  CI  I  0. 
The  former  formula  for  the  alkali  hydroxides  has  the  pre- 
ference, as  Kuschel  has  shown  that  when  a  mercurial  cathode 
is  used,  the  metal  is  dissolved  and  no  hydrogen  evolved. 

§  299.  There  is  another  source  of  uncertainty  in  determin- 
ing the  mobility  of  certain  metals,  as  Hittorf  ^  has  observed 
that  in  the  concentrated  solution  of  their  salts  the  rate  of 
migration  of  the  anion  is  found  to  be  w  >  1  or  even  w  >  2. 

Even  if  the  cation  did  not  move  at  all,  the  velocity  w  would 
at  the  most  equal  1,  i.e.  the  quantity  transferred  would  be 
equal  to  the  amount  deposited  on  the  electrode.  But  as  the 
latter  is  greater  than  the  former,  and  {1  —  n}  is  a  negative 
quantity,  Hittorf  concluded  that  concentrated  solutions  of  these 
salts,  more  especially  the  chlorides  and  iodides  of  cadmium  and 
zinc,  do  not  decompose  according  to  the  equation  Cd  j  I2  but 
Cd  I  Cd  I4  =  Cd  I  Cdig,  I^,  or  in  concentrated  alcohoHc  solu- 
tions Cd  I  Cd^  Ig  =  Cd  I  2  Gdl„  analogous  to  the  double 
salts  li,  I  Cd  I,  =      I  Cdl^,  I,. 

He  also  points  out  that  n  grows  rapidly  smaller  with  the 
dilution  of  the  solution,  because  the  water  splits  up  the  double 
molecules  into  single  molecules. 

Grotrian  2  has  recently  determined  the  conductivity  of  some 
other  cadmium  salts,  and  with  the  aid  of  former  determina- 
tions has  calculated  the  mobihty  of  Cd,  in  order  to  explain 
the  pecuUar  behaviour  of  its  salts.  He  obtained  very  diffe- 
rent values  if  he  used  the  ordinary  molecular  weights  of  the 
salts  in  his  calculations,  but  he  obtained  concordant  results  if  he 
took  different  multiples  to  represent  the  electrolytic  quantities. 

This  peculiar  behaviour  of  the  cadmium  salts  ^  is  well 
worthy  of  attention,  because  it  shows  that  the  ordinary  groups 
of  atoms  which  act  as  anions  may,  under  certain  conditions, 
carry  other  groups  with  them  which  do  not  bring  any  electricity 
to  the  electrode. 

In  this  case,  we  find  anions  composed  of  an  active  {i.e. 
bearing  electricity)  and  a  passive  fraction ;  the  question  is 

'  Pogg.  Ann.  1859,  cvi.  542.  2  Wied.  Ann.  1883,  xviii.  177. 

'  This  in  all  probability  is  in  some  measure  related  to  the  irregularities 
observed  in  the  heats  of  formation  of  cadmium  salts,  mentioned  in  §  221. 
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whether  this  does  not  frequently  occur.  The  rate  of  migration 
of  cadmium  iodide  Hke  that  of  many  other  electrolytes  varies 
greatly  with  the  concentration  of  the  solution  ;  for  concen- 
trated sulphuric  acid  the  velocity  is  more  than  double  that  of 
the  moderately  dilute  acid.  It  is  probable  that  in  the  former 
case,  one  equivalent  is  electrolysed  and  another  is  carried  along 
by  it. 

H,  I  SO,H,SO,. 

Continuing  this  speculation,  it  appears  doubtful  whether 
SO4  really  is  an  anion,  whether  it  is  not  more  probable  that 
only  the  oxygen  atom  which  is  set  free  by  the  electrolysis  is  the 
true  anion  and  that  the  SO3  is  carried  along  by  it. 

H2  1  0-S03 

This  hypothesis  would  explain  the  curious  fact  that  in 
many  of  the  different  oxygen  acids,  e.g.  the  different  phos- 
phoric acids,  very  different  quantities  appear  at  the  anode  for 
one  equivalent  of  oxygen  or  one  equivalent  of  negative  elec- 
tricity, according  to  the  extent  with  which  they  are  saturated 
by  positive  metals. 

Hittorf  •  investigated  the  electrolysis  of  the  phosphates  : 


Na  1  PO3       Na,  |  P^O,       Na  |  H^PO^       Na^  |  HPO, 

Metaphosphate.    Pyrophosphate.  Orthophosphates. 


4 


or 

+  —    +  —     +  —  + 

P,0„  0,  :  Na 


Na  I  PO2,  0  :  Na^ 


Na  I  PO, 


Na 


H2PO3,  0  :  Na^  I  HPO3,  0 
H,PO..  I 


In  the  same  way  the  electrolysis  of  the  yellow  and  red 
chromate  may  be  represented  : 

K2  Cr03,  0  K2  I  Cr^Og  0. 

This  view,  which  resembles  the  oldest  conceptions  of  elec  - 
trolysis,  is  probably  correct.  The  groups  of  atoms  or  radicals 
transported  by  the  anions  may  be  designated  (to  use  a  term  of 
Gerhardt's)  as  copula  of  the  anions.  The  next  problem  is  to 
discover  which,  among  the  mass  of  particles  moving  against 
the  current,  is  the  true  carrier  of  electricity. 

'  Pogg.  Ann.  1859,  cvi.  404. 
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§  300.  As  the  cations  are  generally  single  metallic  atoms, 
it  does  not  seem  likely  that  they  will  transport  other  atoms. 
Nevertheless  we  are  acquainted  with  a  series  of  cases  in  which 
we  may  assume  that  transportation  takes  place  with  the  cations 
as  well  as  with  the  anions.  The  bases  which  are  Hberated  in 
conjunction  with  hydrogen  at  the  cathodes  m  the  electrolysis 
of  the  salts  of  ammonium,  amines  and  alkaloids  may  be  con- 
sidered to  be  transported  by  the  hydrogen. 

Such  a  hypothesis  is  clearly  permissible  on  account  of  its 
simplicity. 

If  the  electrolysis  of  the  hydrochlorides  of  ammonium, 
ethylamine  and  morphine  is  represented  thus, 

NH,  I  CI         NH3C,H,  I  Ci       NC,,H,o03  |  CI, 

then  the  groups  of  atoms  which  form  the  cations  are  widely 
different  in  composition.  But  if  we  regard  the  hydrogen  only 
which  is  set  free  at  the  cathode  as  the  carrier  of  electricity,  and 
consider  that  it  carries  along  with  it  the  group  of  atoms  com- 
bined with  the  nitrogen,  then  the  electrolysis  of  the  three  salts 
may  be  regarded  from  the  same  standpoint : 

H,  NH3  I  CI,       H,  NH,C,H,  I  CI      H,  NC,,H,„03  |  CI. 

In  the  same  way  we  may  assume  that  the  varying  electro- 
lytic equivalent  of  many  metals,  e.g.  Cu,  Hg,  is  only  apparent, 
as  it  is  really  caused  by  transportation. 

The  electrolysis  of  the  two  chlorides  of  Cu  would  be  repre- 
sented as 

Cu  I  CI2  Cu,  Cu  I  G\. 

Cupric.  Cuprous. 

The  copper  atom  which  acts  as  the  carrier  of  electricity, 
transports  a  second  indifferent  atom  of  Cu  with  it  in  the 
cuprous  salt. 

Although  such  speculations  are  not  only  permissible,  but  m 
many  respects  desirable,  it  cannot  be  denied  that  they  leave  an 
opening  for  much  caprice.  If  one  of  the  two  monovalent  Cu 
atoms  is  regarded  as  an  indifferent  copula,  the  same  assump- 
tion may  be  made  as  regards  silver  or  the  alkali  metals.    If  the 
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electrolysis  of  silver  chloride  takes  place  according  to  the 
equation 

Ag,  Ag  I  G\, 

this  would,  to  a  certain  extent,  get  rid  of  the  strange  fact  that 
a  monovalent  atom  can  only  transport  half  as  much  electricity 
as  a  divalent  atom,  although  they  both  have  the  same  capacity 
for  heat.  But  the  electrolysis  of  the  salts  of  trivalent  metals, 
such  as  Al  and  Fe,  would  require  very  comphcated  hypotheses, 
so  that  the  advantages  thus  gained  would  be  counterbalanced 
by  many  disadvantages.  We  must,  however,  bear  in  niind 
the  possibility,  at  any  rate  in  many  cases,  that  the  ions 
consist  of  an  active  portion  carrying  electricity  and  an  in- 
different portion  or  copula. 

§  301.  If  many  doubts  exist  as  to  the  real  facts  in  electro- 
lysis, the  nature  of  the  process  is  stiU  more  enveloped  in 
darkness.  None  of  the  known  theories  can  offer  a  thorough 
explanation.  ISome  of  the  former  views  have  been  proved 
mitenable,  and  to  this  extent  the  ground  has  been  prepared 
for  further  advances.  The  old  idea  that  the  decomposition  of 
the  electrolytes  is  caused  by  the  electricity  overcoming  the 
af&nity  was  disputed  by  Hittorf^  and  has  been  proved  by 
Clausius  to  be  incorrect  in  his  treatise, '  Ueber  die  Electricitats- 
leitung  in  Electrolyten.'  ^  According  to  the  old  hypothesis  the 
electrolytes  could  not  conduct  electricity  and  suffer  decomposi- 
tion so  long  as  the  electric  force  remained  below  the  strength 
which  is  required  to  counterbalance  the  affinity.  But  as 
soon  as  the  electric  force  is  greater  than  that  of  affinity,  a  con- 
siderable decomposition  and  a  powerful  current  would  suddenly 
set  in.  This  is  quite  contrary  to  our  experience,  which  shows 
that  electrolytic  conductivity  begins  with  the  feeblest  electro- 
motive force,  and  produces  a  current  obeymg  Ohm's  law,  if 
the  polarisation  of  the  electrodes  is  prevented.  The  old 
notion  is  incompatible  with  the  objection  which  Berzelius 
brought  against  Faraday's  laws  of  electrolysis,  viz.  that  the 
same  quantity  of  electricity  is  always  required  for  the  decom- 

'  Pogg.  Ann.  1856,  xcviii.  IS. 
Ibid.  1857,  ci.  338 ;  Ges.  Ahh.  18C7,  ii.  202. 
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position  of  an  equivalent  of  any  compound,  independent  of  the 
force  of  the  affinities  to  be  overcome. 

This  protest  of  Berzelius  is  justifiable  in  so  far  as  Fara- 
day's discovery  is  incompatible  with  the  notions  of  electrical 
attraction  overcoming  affinity;  but  this  does  not  prove,  as 
Berzelius  maintains,  that  Faraday's  law  is  incorrect ;  on  the 
other  hand  it  shows  that  Berzelius's  notions  of  the  reaction 
are  untenable,  and  it  proves  the  necessity  of  assuming  that  it 
is  the  movement  of  the  ions  in  a  definite  direction,  not  their 
separation,  which  is  the  work  of  electricity.  The  decomposi- 
tion is  produced  by  a  different  cause. 

§  302.  According  to  Clausius,  the  separation  of  the  ions  is 
due  to  the  active  movements  of  the  particles,  molecules  as  well 
as  atoms,  which  tend  to  bring  about  the  dissociation  of  the 
compound,  so  that  only  bodies  capable  of  dissociation  can  act 
as  electrolytes.  For  the  purposes  of  electrolysis  it  is  not 
necessary  that  this  dissociation  should  proceed  as  far  as  the 
complete  separation  and  isolation  of  the  constituents,  but  it  is 
sufficient  that  there  should  be  a  frequent  exchange  of  their 
constituents  when  two  particles  colhde,  so  that  each  con- 
stituent can  for  a  very  short  time  move  apart  from  the  other 
before  it  again  finds  an  opportunity  of  uniting  with  another 
isolated  particle.  This  sporadic  occurrence  of  isolated  mole- 
cular fractions  is  not  perceptible  to  our  senses,  so  long  as  they 
are  uniformly  distributed  throughout  the  whole  mass  of  the 
electrolyte,  but  it  is  only  perceptible  when  some  external 
action  collects  large  quantities  of  one  class  of  particles  at  one 
place  and  of  the  others  at  another. 

These  views  of  Clausius  are  in  unison  with  those  which 
Williamson  '  had  previously  propounded  with  regard  to  the 
condition  of  mixed  liquids  in  explaining  the  process  of  etheri- 
fication  and  other  chemical  reactions.  They  form  the  bases 
of  the  kinetic  theory  of  chemical  changes,  which  is  now 
universally  adopted.  This  concurrence  in  the  views  of  the 
two  investigators  is  a  strong  proof  of  their  truth,  as  they  were 
arrived  at  from  totally  different  points  of  view,  in  attempting  to 
explain  two  different  classes  of  phenomena,  which  at  first  sight 
do  not  appear  to  have  the  slightest  connection  with  one  another. 

'  Liebig's  Annalcn,  1851,  Ixxvii.  37;  Clausius,  Gcs.  Abh.  1867,  ii.  214. 
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§  303.  In  order  to  explain  electrolysis  it  is  now  necessary 
to  assume  that  as  each  molecule  decomposes,  one  portion  of 
it  carries  off  a  definite,  fixed  amount  of  positive  electricity, 
and  the  other  an  equivalent  quantity  of  negative  electricity. 
The  electricity  is  either  attached  to  each  particle  before  the 
separation,  or  else  it  is  produced  at  the  moment  of  decompo- 
sition. Neither,  the  electric  charge  nor  the  decomposition  can 
be  observed  so  long  as  the  same  number  of  particles  charged 
with  positive  and  with  negative  electricity  are  found  at  each 
part  of  the  electrolyte.  This  hypothesis  is  necessary  in  order 
that  we  may  understand  the  fact  that  a  definite  quantity  of 
electricity  moves  with  each  equivalent  of  the  ions.  Clausius 
considers  that  the  movement  of  the  ions  with  their  accom- 
panying electricity  in  opposite  directions  is  due  to  the  free 
electricity,  which,  according  to  Kirchhoff,  is  present  at  the 
surface  but  not  in  the  interior  of  the  circuit.  Its  action,  as 
far  as  it  can  be  calculated,  is  in  accordance  with  Ohm's  law,^ 
equal  in  all  points  of  one  and  the  same  section  perpendicular 
to  the  du-ection  of  the  currents.  According  to  this  view 
electric  conduction  in  electrolytes  differs  from  that  in  metallic 
conductors,  because  in  the  latter  case  the  electricity  passes 
from  particle  to  particle  without  any  change  in  the  position  of 
the  particles,  but  in  electrolytes  the  ions  or  molecular  fractions 
accompany  the  movement  of  the  electricity.^ 

But  at  the  electrodes  where  one  kind  of  conductivity  is 
transformed  into  the  other,  the  electricity  leaves  the  ions 
which  are  deposited,  or,  in  other  words,  the  ions  receive  from 
the  electrodes  an  equal  quantity  of  the  opposite  kind  of 
electricity,  so  that  they  are  no  longer  electrified.  Figuratively 
speaking,  the  electricities  are  transported  from  the  electrodes 
to  the  contiguous  ions  (which  may  be  compared  to  a  fleet  of 
ships  all  of  the  same  tonnage)  and  are  conveyed  across  the 
sea  of  the  electrolyte.  We  must  not,  however,  think  that  the 
movement  begins  at  the  electrodes,  but  we  must  consider  that 
the  sea  is  covered  with  ships  of  both  kinds  of  freight,  all  of 

'  Vide  Clausius,  Pogg.  Ann.  1858,  ciii.  525 ;  Hittorf 's  reply,  ibid.  1858,  ciii. 
53,  and  1859,  cvi.  583. 

-  It  has  already  been  mentioned  in  §  293  that  metallic  sulphides  in  all 
probability  exhibit  both  kinds  of  conductivity. 
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which  are  moving  at  the  same  time,  some  in  this,  some  in  the 
opposite  direction.  Since  the  same  number  of  ships  arrive  at 
the  cathodes  and  anodes  in  the  same  time,  and  exactly  the 
same  quantity  of  positive  electricity  is  landed  at  the  former  as 
negative  at  the  latter,  the  quantity  of  negative  and  positive 
electricity  on  the  way  will  always  be  the  same,  i.e.  no  free 
electricity  is  found  in  the  interior  of  the  electrolyte.  That 
the  particles  charged  with  negative  and  positive  electricity 
pass  without  mutually  neutralising  each  other  is  a  difficulty 
which  arises  from  our  inadequate  acquaintance  with  the 
nature  of  electricity.  The  same  difficulty  is  met  with  in  the 
case  of  a  current  flowing  through  metalHc  conductors,  whether 
we  assume  the  existence  of  one  or  two  electric  fluids. 

Although  electricity  in  the  electrolytes  only  moves  with 
the  ions,  the  passage  of  the  electricity  from  one  molecule  to 
another  is  not  improbable.  Numerous  observations  have 
shown  that  this  transfer  always  takes  place  if  several  electro- 
lytes following  in  direct  contact  with  each  other  are  introduced 
into  the  circuit.  If  the  current  is  passed  first  through  the 
solution  of  a  barium  salt  and  then  of  a  sulphate,  a  precipitate 
of  BaSO,,  is  formed  at  the  boundary  of  the  two  liquids, 

C\,  I  Ba  +  SO,  I      =  CI,  I  +BaSO,  | 

so  that  the  electricity  carried  by  Ba  is  transferred  to  li,  and 
carried  on  farther.  We  may,  therefore,  assume  that  such 
transfers  occur,  when  they  cannot  be  detected  by  the  forma- 
tion of  a  precipitate,  or  by  a  change  of  colour  or  other 
phenomena.  It  appears  only  to  take  place  when  the  ion 
charged  with  electricity  meets  a  moleculej  decomposes  it  and 
combines  with  one  portion,  the  other  portion  of  the  molecule 
transports  the  electricity  which  has  been  transferred  to  it. 
It  is  probable  that  this  occurs  frequently,  perhaps  it  is  of  more 
frequent  occurrence  than  it  is  for  an  electrical  molecular 
fraction  to  pass  by  a  complete  molecule.  At  any  rate,  the 
distance  which  the  electricity  travels  over  in  j^assing  from  one 
particle  to  another  is  very  small  compared  with  the  distance 
it  traverses  in  the  company  of  the  fractional  molecule. 

§  304.  The  close  connection  between  the  conductivit}^  of 
the  electrolytes  and  the  mobility  of  their  molecules  is  clearly 
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demonstrated  by  the  researches  of  G.  Wiedemann,'  0.  Gro- 
trian,^  F.  Kohh'ausch,^  and  C.  Stephan/  on  the  connection 
between  the  internal  friction,  or  vicosity,  of  liquids  and  their 
electrolytic  conductivity. 

These  experiments  not  only  show  that,  as  a  rule,  con- 
ductivity increases  as  the  friction  diminishes,  and  as  the 
mobility  of  the  particles,  or  the  fluidity  increases,  but  they 
also  prove  that  resistance  to  conductivity  and  resistance  to 
friction  are  constants  of  the  same  order,  which  diminish  in 
approximately  the  same  ratio  for  an  increase  in  temperature. 
The  intimate  connection  of  the  conducting  power  with  mo- 
biHty  is  clearly  shown  by  J.  H.  Long's  ^  observation  that  the 
conductivity  and  rate  of  diffusion  run  parallel  under  similar 
external  conditions— a  substance  which  diffuses  rapidly  is,  as  a 
rule,  a  good  conductor.  In  the  following  •  table  the  relative 
velocities  of  diffusion  on  page  289,  column  iv.  under  n,  are 
compared  with  the  results  of  Kohlrausch's  determinations  of 
the  conducting  powers  X,  and  the  last  column  shows  the  ratio 
of  11  to  \. 


n 

A 

n  :  A 

Potassium  iodide 

KJ 

823 

103 

8-0 

„        bromide  . 

KBr 

811 

104 

7-8 

„        chloride  . 

KCl 

803 

97 

8-3 

Ammonium  chloride 

NH.Cl 

689 

95 

7-3 

Sodium  iodide  . 

NaJ 

672 

84 

7-6 

Ammonium  bromide 

NH.Br 

629 

103 

6-1 

Sodium  chloride 

NaCl 

600 

81 

7-4 

Lithium  chloride 

LiCl 

541 

70 

7-7 

Sodium  bromide 

NaBr 

509 

81 

6-3 

Ammonium  nitrate  . 

NH,N03 

680 

93 

7-3 

Potassium  nitrate  . 

KNO, 

607 

92 

6-7 

Sodium  nitrate 

NaNOa 

524 

76 

6-9 

Lithium  nitrate 

LiNOg 

512 

These  numbers  indicate  that  there  is  an  approximate  but 
not  an  exact  ratio  between  n  and  \.  This  is  to  be  expected, 
as  the  conductivity  depends  on  the  mobility  of  the  molecular 
fractions,  and  the  velocity  of  diffusion  on  that  of  the  undivided 


'  Pogg.  Ann.  1856,  xcix.  228. 

2  Ibid.  1876,  civil.  130  ;  1878,  clx.  238 ;  Wied.  Ann.  1879,  viii.  529. 
«  Wied.  Ann.  1879,  vi.  207.  Ibid.  1882,  xvii.  673. 

»  Page  289,  loc.  cit. 
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molecules,  which  is  approximately  but  not  of  necessity  exactly 
proportional  to  the  mean  value  of  the  mobility  of  both  frac- 
tions. This  close  connection  between  velocity  of  diffusion  and 
conducting  power  is  evidence  in  favour  of  the  hypothesis 
mentioned  in  §  301,  that  it  is  only  the  movement  of  the 
ions  and  not  their  separation  which  is  the  work  of  elec- 
tricity. 

§  305.  If  a  solution  contains  several  electrolytes,  each  will 
act  as  a  vehicle  for  the  electricity,  but  it  will  be  in  proportion 
to  the  number  of  their  equivalents  present  in  the  solution,  and 
also,  as  far  as  the  scanty  material  at  present  at  hand  permits 
us  to  judge,  in  proportion  to  theii-  conductivity.  Hittorf '  found 
in  electrolysing  different  mixed  solutions  of  chloride  and 
iodide  of  potassium,  that  the  proportion  between  the  two  salts 
remains  the  same  in  all  parts  of  the  electrolyte ;  the  decom- 
position of  the  salts  must,  therefore,  be  proportional  to  the 
equivalents  present.  In  a  solution  containing  equivalent  quan- 
tities of  the  two  salts,  after  the  electrolysis,  the  two  negative 
elements  increased  in  the  same  proportion  at  the  anode  and 
decreased  at  the  cathode.  From  a  solution  containing  3  KCl 
and  1  KI  three  equivalents  of  CI  were  liberated  to  one  of 
iodine.  As  both  salts  have  approximately  the  same  conduct- 
ing power,  these  experiments  show  that  the  transference  of 
the  ions  is  proportional  to  the  relative  quantities  of  the  two 
electrolytes  in  the  solution. 

The  simultaneous  electrolysis  of  salts  of  different  conduc- 
tivity in  the  same  solution  is  by  no  means  easy,  as  they 
either  enter  into  double  decomposition  with  each  other  or  else 
form  double  salts,  which  behave  electrolytically  as  simi3le 
compounds  and  only  send  one  metal  to  the  cathode,  the  other 
remaining  a  part  of  the  anion.  These  contingencies  can  only 
be  excluded  with  certainty  in  the  case  of  salts  containmg  one 
metal  and  two  different  acids,  but  here,  as  a  rule,  there  is  no 
great  difference  between  the  conducting  power  of  the  two 
bodies.  It  is,  then,  easy  to  understand  why  no  exact  experi- 
ments have  been  made  in  electrolysing  mixtures  of  two  good 
electrolytes  of  different  conducting  powers,  and  wh}^  no  deter- 
minations have  been  made  of  the  rates  of  migration,  which 

'  Fogg.  Ann.  1858.  ciii.  47. 
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are  essential  for  a  correct  knowledge  of  tlie  nature  of  the 
process.  It  is  very  probable  that  in  such  a  mixture  both 
electrolytes  receive  the  electricity  in  proportion  to  the  number 
of  their  equivalents  contained  in  the  solution  and  are  carried 
along  with  the  velocity  peculiar  to  their  ions,  so  that  each 
electrolyte  is  electrolysed  in  proportion  to  its  conductivity  and 
its  electro-chemical  mass,  i.e.  the  electro-chemical  equivalent 
contained  in  the  unit  of  volume. 

§  306.  The  electrolytic  change  is  frequently,  if  not  always, 
disturbed  and  concealed  to  a  greater  or  lesser  extent  by 
secondary  actions  which  the  free  affinities  of  the  ions  exert  on 
the  different  substances  with  which  they  come  in  contact, 
more  especially  on  the  electrodes,  the  electrolyte,  the  indif- 
ferent solvent,  and  on  each  other.  These  secondary  actions 
have  not  of  necessity  any  connection  with  the  passage  of  elec- 
tricity, and  perhaps  have  nothing  to  do  with  it.  They  obey 
the  ordinary  law  of  chemical  reactions  and  are  merely  charac- 
terised by  the  fact  that  the  ions  are  in  statu  nascendi  ^  and  are 
consequently  in  a  position  to  act  very  energetically.  They 
lose  this  property  as  soon  as  several  of  them  combine  to  form 
saturated  molecules,  e.g. 

H  +  H  =  H^. 

This  is  not  the  place  to  describe  the  effects  of  these  se- 
condary actions,  but  it  is  worthy  of  note  that  they  conceal 
the  procedure  of  electrolysis  to  such  an  extent  that  gross 
errors  can  only  be  avoided  by  determining  the  rates  of  migra- 
tion. Iodic  acid,  HIO3,  or  HJ-^O^,  offers  one  of  the  most  re- 
markable instances  of  the  case  in  point.  In  the  electrolysis 
of  this  acid  by  a  current  of  moderate  strength,  for  each  atom 
of  silver  precipitated  and  dissolved  in  the  silver  voltameter, 
-i-I  at  the  cathode,  and  ^0  at  the  anode  are  simultaneously 
liberated.  Hence  it  was  formerly  assumed  that  we  were 
deaUng  with  the  anhydride  of  the  acid  1^0^  which  is  split  up 

+  — 
into  I2  I  O5. 

But  Hittorf  s  ^  determination  of  the  rate  of  migration 
proved  that  the  electrolysis  takes  place  according  to  the  equa- 

'  Pogg.  Ann.  1859,  cvi.  401. 
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tion  H2  [  IgOgjO.  The  amount  of  iodine  increases  at  the 
anode,  the  separation  of  iodine  at  the  cathode  is  merely  due 
to  the  secondary  action  of  the  hydrogen, 

+  H^IgOe  =  I2  +  6H2O. 

We  are  acquainted  with  numerous  cases  of  the  electrolysis  of 
mixed  or  double  salts,  in  which  the  cation  precipitates  from 
the  solution  surrounding  the  cathode,  the  more  easily  reducible 
metal  belonging  to  the  anion,  or  liberates  hydrogen  from 
water,  or  in  which  heavy  metals  are  deposited  by  the  secondary 
action  of  the  hydrogen.  In  the  technical  application  of  elec- 
trotyping  these  processes  are  preferred  because  the  metal 
deposited  by  the  primary  action  is  often  crystalline,  and 
that  precipitated  by  the  secondary  action  is  more  compact. 

These  secondary  actions  on  the  electrolytes  may  in  many 
cases  be  avoided  by  making  the  electrodes  very  small,  so  that 
a  large  quantity  of  electricity  flows  through  a  relatively  small 
layer  of  solution  directly  surrounding  the  electrode.  As  the 
current  is  very  dense,  more  metal  is  deposited  there  than  can 
be  attacked  by  the  quantity  of  liquid  coming  in  contact  with 
it.  A  portion  of  the  deposit  is  thus  protected  from  any 
secondary  action  until  it  is  covered  by  a  second  quantity  and 
preserved  from  further  change.  It  is  by  this  ingenious  plan 
that  Bunsen  deposited  metals  which  decompose  water  from 
aqueous  solutions  of  their  salts. 
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XVI. 

THE  STABILITY  OF  CHEMICAL  COMPOUNDS. 

§  307.  The  various  causes  of  chemical  change  have  been  dis- 
cussed in  the  preceding  chapters ;  this  chapter  will  contain  some 
reflections  on  the  resistance  which  the  different  combinations 
of  atoms  oppose  to  the  action  of  these  forces.  In  speaking  of 
the  stability  of  chemical  compomids,  the  term  stability  can 
only  be  employed  in  a  relative  sense,  for  compounds  may  offer 
a  powerful  resistance  to  one  reagent  and  be  easily  attacked  by 
another.  It  is,  however,  permissible  to  use  the  term  almost 
in  its  absolute  sense,  because  if  a  body  offers  a  strong  resist- 
ance to  one  force,  it  does  not  usually  offer  a  very  feeble  resist- 
ance to  another. 

Compounds  which  are  decomposed  by  a  mechanical  shock, 
or  by  the  action  of  Hght,  do  not,  as  a  rule,  resist  the  action  of 
heat  and  are  easily  decomposed  by  the  affinities  of  other 
bodies ;  on  the  other  hand,  compounds  capable  of  enduring  a 
high  temperature  are  generally  stable  towards  other  agents. 

A  comparison  of  the  resistance  which  different  chemical 
compounds  oppose  to  the  forces  tending  to  accomphsh  their 
decomposition,  shows  that  this  power  varies  to  an  extraor- 
dinary extent.  We  find  every  imaginable  intermediate  stage 
exists  between  compounds  on  the  one  hand  whose  constituents 
are  in  such  a  state  of  unstable  equilibrium  that  they  are 
decomposed  by  the  slightest  shock,  and,  on  the  other  hand, 
bodies  which  can  only  be  decomposed  with  the  greatest  diffi- 
culty.   Stability  varies  within  the  widest  limits. 

This  great  difference  depends  on  widely  different  causes, 
but  ultimately  on  the  nature,  number,  and  mode  of  linking  of 
the  atoms  forming  the  molecule,  for  it  is  on  these  three  points 
that  all  those  chemical  and  physical  properties  of  the  body 
depend,  which  determine  its  stability.    It  is  rarely  possible  to^ 
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determine  exactly  the  separate  influence  which  each  of  these 
three  conditions  exerts  on  the  stabiHty  of  a  body.  As  it  is  the 
material  nature  of  a  body  which  determines  the  number  and 
the  arrangement  of  the  atoms  in  the  molecule,  this  is  the 
ultimate  cause  on  which  the  stability  of  a  chemical  compound 
depends. 

It  is  the  problem  of  a  doctrine  of  comparative  affinities  to 
represent  the  relation  between  the  nature  of  the  elements  and 
the  stability  of  chemical  compounds,  and  the  reactions  of 
which  they  are  capable  or  incapable,  and  to  discover  the  laws 
which  govern  this  connection.  But  although  an  enormous 
number  of  observations  have  been  made  on  the  reactions  of 
chemical  compounds,  very  few  have  been  made  from  the  com- 
parative point  of  view.  It  has  been  done  now  and  again  for 
small  groups  of  analogous  compounds,  but  it  has  only  been 
done  on  the  large  scale  when  it  was  of  importance  in  the 
analysis  or  synthesis  of  compounds.  Our  handbooks  and 
treatises  are  chiefly  of  the  systematic  descriptive  class.  No 
attempt  has  yet  been  made  at  a  doctrine  of  comparative 
affinity  which  should  bear  the  same  relation  to  descriptive 
chemistry  that  comparative  anatomy  and  physiology  do  to 
systematic  zoology.  Such  a  work  would  excite  more  active 
interest  than  the  mere  description  of  bodies. 

§  308.  The  influence  which  the  material  nature  of  an 
element  exerts  on  the  stabiHty  of  its  compounds  obviously 
depends  on  the  nature  of  the  other  elements  it  is  combined 
with,  because  the  strength  of  its  affinity  varies  with  dilferent 
elements.  As  a  rule  the  affinity  of  two  elements  increases, 
the  further  apart  they  are  in  the  electro-chemical  tension 
series;  hence  compounds  of  strongly  positive  and  strongly 
negative  elements  are  very  stable.  But  we  are  not  justified  in 
saying  that  the  greater  the  contrast  the  more  stable  the  com- 
pound will  be.  Generally,  compounds  of  adjacent  elements  {i.e. 
in  the  tension  series)  have  little  stability,  but  there  are  many 
exceptions  ;  the  compound  may  be  very  stable  if  the  atoms 
are  perfectly  similar,  as  is  seen  in  the  case  of  the  molecules  of 
many  elements  which  are  composed  of  more  than  one  atom. 

When  the  atoms  contained  in  the  molecule  of  an  element 
firmly  adhere  together,  that  element  will  not,  in  the  isolated 
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state,  readUy  enter  into  combination,  and  its  molecules  must 
be  strongly  heated  to  bring  this  act  of  combination  about.  A. 
comparison  of  the  different  elements  shows  that  it  is  the  mole- 
cules of  the  most  strongly  positive  or  negative  elements  which 
most  readily  decompose.  Cl^,  Br^,  I^,  and  probably  F ^,  and 
also  the  compounds  of  these  elements  with  each  other,  ICl, 
IBr  and  ICI3,  head  the  hst  in  this  respect.  If  the  molecules 
of  the  metals  of  the  alkalis  and  the  alkaline  earths  are  com- 
posed of  more  than  one  atom  and  not  of  single  atoms,  they 
will  follow  next  in  order  (with  the  exception  of  Mg).  Of  the 
negative  elements,  oxygen,  sulphur  and  selenium  are  less  ready 
to  form  compounds  than  the  halogens.  In  the  case  of  S,  Se 
and  partly  in  the  case  of  0,  this  may  be  due  to  the  fact  that 
then-  affinities  are  weaker ;  without  doubt  the  greater  stability 
of  then-  molecules  is  caused  by  this  fact,  especially  ui  the  case 
of  oxygen,  whose  power  of  entering  into  combination  at  a 
higher  temperature  or  when  its  atoms  are  in  a  loose  state  of 
combination,  as  in  ozone,  is  equal  to  that  of  chlorine. 

At  low  temperatures,   the  less  negative  non-metallic 
elements,  especially  carbon  and  nitrogen,  have  a  very  shght 
tendency  to  enter  into  combmation,  but  at  high  temperatures 
they  unite  with  many  other  elements  to  form  very  stable  com- 
pounds.   "We  may  therefore  conclude  that  their  atoms  have 
a  great  tendency  to  unite  firmly  together.^    In  the  case  of 
carbon  this  is  proved  by  the  numerous  organic  compounds. 
At  the  ordinary  temperature  it  is  scarcely  possible  to  sunder 
the  atoms  of  nitrogen  from  thek  molecular  chain      ;  it  is 
only  attacked  by  ozone.    Under  the  influence  of  the  electric 
spark  nitrogen  unites  with  hydrogen  to  form  ammonia,  and  at 
a  white  heat  it  combines  with  almost  all  the  elements  which 
are  found  in  the  vicmity  of  nitrogen,  in  the  periodic  system 
of  elements  (§  61),  especially  with  boron,  silicon,  titanium, 
zirconium,  vanadium  and  chromium,  perhaps  also  niobium 
and  molybdenum.    Nitrogen  also  unites  with  magnesium  and 
in  smaU  quantities  with  aluminium.  Even  at  a  high  tempera- 
ture nitrogen  only  combines  with  carbon  to  form  cyanogen,  in 
the  presence  of  hydrogen,  or  a  metal  or  some  of  the  so-called 
semi-metals.    The  presence  of  titanium  is  especially  favour- 
'  For  the  physical  proof  vide  E.  Wiedemann,  Wicd.  Ann.  1883,  xviii.  609. 
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able  to  the  reaction.  Now  the  compounds  derived  from  free 
nitrogen  at  a  red  heat  are  very  stable ;  we  may  therefore 
conclude  that  the  atoms  in  these  compounds  as  well  as  in 
free  nitrogen  are  united  together  by  a  powerful  affinity.  It  is 
remarkable  that  almost  all  the  elements  (except  oxygen)  which 
unite  directly  with  nitrogen  are  infusible  and  non-volatile 
viz.  B,  C,  Si,  Ti,  Zr,  V,  Cr. 

Little  definite  is  known  regarding  the  stability  of  the 
molecules  of  most  of  the  metals  and  semi-metals;  but  we 
may  assume  that  it  is  not  very  great,  as  some  metals  at  least 
split  up  into  smgle  atoms  when  they  are  volatilised,  and  most 
of  them  unite  readily  with  chlorme  and  generally  with  oxygen. 
Among  the  platinum  metals,  more  especially  in  osmium  and 
iridium  and  their  compounds,  we  find  bodies  whose  stability 
resembles  that  of  free  nitrogen  and  the  metalHc  nitrides. 

§  309.  As  a  general  rule  to  which  there  are  some  exceptions, 
compounds  of  different  elements  are  less  stable  when  the  ele- 
ments bear  a  close  resemblance  to  each  other.  Metalhc  alloys 
are  generally  attacked  by  reagents  without  difficulty.  In  the 
same  way  compounds  composed  entirely  of  negative  elements 
are  as  a  rule  easily  decomposed,  e.g.  the  compounds  which  the 
halogens  form  with  each  other  and  with  oxygen,  the  oxides  of 
other  negative  elements,  such  as  sulphur,  selenium,  tellurium, 
nitrogen,  arsenic,  &c.  On  the  other  hand,  the  negative  element 
phosphorus  is  characterised  by  a  very  great  affinity  for  oxygen 
which  exceeds  that  of  many  positive  elements.  The  non- 
metals  boron,  silicon,  and  the  semi-metals  molybdenum, 
vanadium,  tungsten,  tantalum,  titanium,  &c.,  combine  more 
firmly  with  oxygen  and  often  with  nitrogen  than  many  metallic 
elements  of  positive  character.  The  most  positive  of  all  the 
alkali  metals  are  more  easily  separated  from  oxygen  than  the 
less  positive  earthy  metals. 

The  most  negative  of  the  malleable  metals,  the  noble 
metals  platinum,  palladium,  rhodium  (and  also  the  brittle 
metal  iridium),  gold,  silver,  mercury,  form  with  oxj^gen  com- 
pounds of  little  stability,  as  might  be  expected  from  their 
electrical  position.  But  in  the  electric  tension  series,  carbon, 
which  is  characterised  by  its  great  affinity  for  oxygen,  comes 
next  to  platinum.    Chlorine,  bromme  and  iodine  do  not  unite 
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directly  with  carbon,  but  the  noble  metals  are  readily  attacked 
by  them.  These  compounds  differ  greatly  in  their  stability  ; 
silver  and  mercury  form  very  stable  compounds  with  chlorine, 
but  the  chlorides  of  gold,  platinum,  and  allied  metals  easily 
part  with  their  chlorine. 

The  exceptions  to  the  above  rule  are  so  numerous  that  its 
validity  is  doubtful.  It  is  at  any  rate  clear  that  the  stability 
of  compounds  is  not  solely  determined  by  the  electrochemical 
properties  of  the  elements.  So  little  is  known  of  the  real 
nature  of  what  is  termed  electrochemical  contrast,  that  we 
are  not  in  a  position  to  discuss  in  detail  its  relation  to  the 
stability  of  compounds. 

§  310.  The  stability  of  a  compound  is  not  only  intimately 
connected  with  the'  electrochemical  properties  of  its  elements 
but  also  with  then:  position  in  the  series  of  atomic  weights. 
The  behaviour  of  the  elements  with  oxygen,  the  stability  of 
then-  oxides,  can  be  represented  in  connection  with  the  curve 
of  atomic  volumes  (§  63).  All  the  elements  occupying  posi- 
tions between  each  maximum  atomic  volume,  to  a  point  a  little 
beyond  the  next  minimum,  combine  with  oxygen,  forming  very 
stable  compounds ;  their  oxides  can  only  be  reduced  with  difd- 
culty.  The  elements  from  this  point  to  the  next  maximum 
form  easily  reducible  oxides,  as  the  following  table  shows. 

Difficultly  Moderately  Easily  reducible 

I    n.  rn.  iv.  v.  vr.  vii.    h  i.  p.  iii.  iv.  v.  vi.  vii. 

Li,  Be,  B,  c,  vrn.         vni.  n,  o,  f, 

Na,  Mg,  Al,  Si,  P, 

K     Ca,  Sc,  Ti,  V,  Or,  Mn,  Fe,  Co,  Ni,  Cu,  Zn,  Ga,  —  As,  Se,  Br, 

Rb,  Sr,   Y,  Zr,  Nb,  Mo,  -  Ru,  Rh,    Pd,  Ag,  Od,  In,  Sn,  Sb,  Te,  I, 

Cs,  Ba,  La,  Ce,  Di, 

Yb,       Ta,  W,  Os,    Ir,     Pt,  Au,  Hg,  Tl,  Pb,  Bi, 

Th,  TJ, 

The  boundary  does  not  always  he  in  the  same  group. 
Some  elements  occupy  an  intermediate  position,  such  as  the 
ii-on  gi'oup  and  hydrogen,  which  probably  occupies  an  analogous 
position  near  a  minimum. 

Similar  groups  are  obtained  by  classing  together  the  ele- 
ments which  have  a  greater  affinity  for  chlorine  than  for 
oxygen,  whose  oxides  are  decomposed  by  hydrochloric  acid, 
and  arranging  together  the  elements  whose  chlorides  are 
partly  or  completely  decomposed  by  water,  elements  having  a 
greater  affinity  for  oxygen  than  chlorine. 
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The  former  are  found  in  the  atomic  volume  table  near  the 
maximum  and  minimum,  the  latter  occupy  the  ascending  and 
descending  portions  of  the  curves  between  these  two  points. 

Numerous  other  examples  could  be  given,  to  exhibit  the 
connection  between  the  stability  of  compounds  and  the  nature 
of  the  atoms  contained  in  them. 

§  311.  In  the  separate  families  and  groups  there  is  a 
regular  variation  of  the  affinity  and,  at  the  same  time,  of  the 
stability  of  the  compounds  with  the  atomic  weight,  but  not 
always  in  the  same  direction. 

In  the  groups  of  the  most  positive  elements,  the  alkaUs 
and  alkaline  earths  on  the  one  hand,  and  in  those  of  the  most 
negative  elements,  the  halogens  and  the  oxygen  group  on  the 
other,  the  stability  of  the  compounds  with  negative  elements 
increases  with  the  atomic  weight  and  the  stability  of  the 
compounds  with  positive  elements  diminishes.  In  the  group 
of  the  heavy  metals  this  behaviour  is  generally  reversed.  A 
smaller  atomic  weight  corresponds  to  a  greater  affinity  for 
negative  elements  and  consequently  to  increased  stability  of 
the  compounds.  This  is  clearly  exhibited  in  the  following 
famihes — Cu,  Ag,  Au  :  Zn,  Cd,  Hg  :  Ga,  In,  Tl,  Sn,  Pb. 
The  group  embracmg  P,  As,  Sb,  Bi  behaves  in  the  same  way, 
but  the  first  member  of  the  group,  nitrogen,  is  far  behind 
phosphorus  in  the  stability  of  its  compounds  with  negative 
elements.  In  group  VIII.  the  compounds  of  the  elements 
with  the  lower  atomic  weights  Fe,  Co,  Ni,  are  much  more 
stable  than  those  of  the  elements  with  high  atornic  weights, 
the  platinum  metals. 

In  many  groups  the  distinction  is  not  clearly  defined ;  our 
knowledge  of  others  is  not  complete  enough  for  them  to  be 
clearly  mdicated.  Even  in  the  examples  we  have  mentioned 
there  are  many  exceptions.  It  will  be  the  problem  of  the 
doctrine  of  comparative  affinity  to  investigate  these  cases 
more  thoroughly  and  to  determme  their  connection  with  the 
nature  of  the  elements. 

§  312.  The  number  of  atoms  contamed  in  a  molecule  also 
exerts  an  influence  on  the  stability  of  the  compound,  an 
influence  which  is  especially  marked  in  the  case  of  polyvalent 
elements.    If  a  polyvalent  element  forms  several  compounds 
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with  a  mono-  or  di-valent  element,  then  the  higher  compounds 
of  the  series  are  apt  to  lose  some  of  these  mono-  or  di-valent 
atoms,  under  certain  conditions,  and  pass  into  lower  members 
of  the  series.  Under  the  influence  of  heat  many  chlorides 
and  oxides  lose  a  portion  of  their  chlorine  or  oxygen,  viz.  the 
higher  chlorides  of  copper,  gold,  thallium,  platinum,  phos- 
phorus, antimony,  vanadium,  molybdenum,  tungsten,  &c.  and 
the  highest  oxides  of  nitrogen,  arsenic,  antimony,  chromium, 
manganese,  &c.  But  it  often  happens  that  the  lower  oxide  or 
chloride  which  is  more  stable  under  the  action  of  heat  is  less 
stable  as  regards  some  other  agent  than  the  higher  chloride  ; 
e.g.  tungsten  pentachloride  is  less  stable  than  the  hexa- 
chloride  towards  moist  air ;  nitrites  which  are  obtained  by  the 
action  of  heat  on  nitrates  are  less  stable  towards  chemical 
reagents  than  the  nitrates ;  and  sulphites  are  less  stable  than 
sulphates,  &c.  This  is  probably  due  to  the  fact  that  the  loss 
of  the  atoms  which  were  required  for  the  complete  saturation 
of  the  compound  has  materially  alBfected  the  equilibrium  of 
the  molecule  and  has  exposed  weak  points  to  the  affinities  of 
other  atoms,  which  were  completely  protected  in  the  saturated 
compound  by  the  atoms  which  have  been  removed  from  it. 

§  313.  The  influence  of  atomic  linking  on  the  stability  of 
compounds  is  particularly  conspicuous  in  those  bodies  which 
contain  the  same  number  and  same  description  of  elements, 
and  yet  possess  different  properties.  This  occurs  in  the  case 
of  aUotropic  modifications  or  of  isomerism.  Such  instances 
are  by  no  means  rare  in  Inorganic  Chemistry ;  nevertheless 
hardly  anything  is  known  about  the  difference  in  the  atomic 
linking  of  the  isomeric  or  aUotropic  compounds.  It  is  different 
in  Organic  Chemistry,  where  a  very  large  number  of  cases  of 
isomerism  can  be  explained  by  the  difference  in  their  atomic 
linking,  which  has  been  accurately  ascertained.  The  time 
has  arrived  when  it  is  possible  to  estabhsh  a  doctrine  of  the 
equilibrium  of  the  atoms  in  organic  compounds,  dealing  with 
their  destructibility  and  their  decomposition.  It  must  deter- 
mine for  each  separate  kind  of  atoms  or  groups  of  atoms 
occurring  in  organic  compounds,  the  manner  in  which  the 
force  which  holds  them  in  combination  depends  on  the  atomic 
linking.    Many  observations  have  been  made  which  might 
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serve  as  a  basis  for  snch  a  comparison.    Apart  from  the  fact 
that  our  space  would  not  suffice  for  such  an  extensive  project 
we  wiUiugly  leave  it  to  those  chemists  who  have  actually  culti- 
vated this  branch  of  research. 

It  will  suffice  to  add  a  few  additional  examples  to  those 
previously  mentioned  in  §  103.  The  aromatic  compounds 
furnish  us  with  the  most  striking  examples,  which  not  only 
contain  the  same  atoms  but  also  the  same  groups  of  atoms 
combined  m  different  sequence.  For  example,  there  are  three 
isomeric  dimethylbenzenes  CgH^Me^ ;  metaxylene  is  not  at- 
tacked by  dilute  nitric  acid,  but  ortho-  and  para-xylenes  are 
oxidised  to  monobasic  acids  of  the  composition  MeCyH^COOH, 
ortho-  and  para-toluic  acids  ;  chromic  acid  oxidises  meta-  and 
para-xylene  to  the  dibasic  acids  CeH,(C00H)2  isophthahc  and 
terephthahc  acids,  but  it  converts  orthoxylene  into  water  and 
carbon  dioxide.  Metahydroxy-benzoic  acid  resists  the  action 
of  heat  and  of  acids  better  than  the  isomeric  salicyHc  and 
parahydroxy-benzoic  acids.  PhthaHc  acid  is  decomposed  by 
heat  into  the  anhydride  and  water,  but  its  isomerides  subhme 
without  decomposition.  These  differences  in  stability  can  only 
be  due  to  the  atomic  linking,  and  this  is  true  of  thousands  of 
other  similar  cases. 

§  314.  There  are  numerous  cases  in  which  the  substitution 
of  one  or  more  atoms  for  others,  without  changing  the  atomic 
linkmg,  has  increased  or  diminished  the  stabihty  of  the  whole 
compound.  The  fact  frequently  observed  that  an  unstable 
acid  is  converted  into  a  stable  salt  by  the  substitution  of  a 
metal  for  hydrogen  belongs  to  this  category.  This  phenomenon 
is  observed  in  the  oxy-acids  of  chlorine  and  their  analogues, 
in  most  of  the  acids  of  sulphur,  especially  hyposulphurous  acid, 
also  in  nitrous,  permanganic  acids,  &c.  Many  acids  which 
easily  decompose  mto  the  anhydride  and  water  form  very  stable 
salts,  e.g.  carbonic,  silicic,  sulphurous,  arsenious,  chromic,  &c. 

The  nature  of  the  metal  replacing  the  hydrogen  is  by  no 
means  unimportant  for  the  stability  of  the  compound,  but  the 
laws  governing  the  relation  between  the  nature  of  the  metals 
and  the  stability  of  the  salts  have  not  yet  been  ascertained. 
Certainly  the  difficultly  reducible  metals  of  the  alkahs  and 
alkaline  earths  import  great  stability  to  the  salts. 

But  certain  of  the  more  or  less  easily  reducible  heavy 
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metals  also  have  this  property,  indeed  the  salt  of  the  more 
easily  reducible  metal  is  often  the  more  stable  of  the  two,  e.g. 
the  sulphate  and  nitrate  of  silver  are  less  easily  decomposed 
by  heat  than  the  corresponding  salts  of  copper,  zinc,  and  even 
magnesium.  Analogous  compounds  of  closely-related  metals 
often  exhibit  a  striking^  difference  in  their  resistance  to  heat, 
e.g.  cobalt  sulphate  is  much  more  stable  than  any  of  the 
isomorphous  sulphates  of  nickel,  iron,  copper,  zinc,  and  even 
magnesium.  Nothing  is  known  of  the  cause  of  this  difference 
in  stability. 

Many  salts  are  more  stable  after  they  have  united  with 
other  salts  to  form  double  salts,  e.g.  the  chlorides  of  platinum, 
gold  and  of  many  other  metals  and  semimetals.  Some 
examples  have  already  been  given  in  §  103,  of  the  alteration 
in  the  stability  of  organic  compounds  by  substitution.  These 
have  illustrated  the  remarkable  fact  that  the  influence  of  the 
substitution  is  by  no  means  confined  to  the  atoms,  which  are 
du-ectly  united  to  the  substituted  atom.    The  conversion  of 
—  CH2OH  to  —  COOH  is  facilitated  by  replacing  the  hydroxyl 
hydrogen  by  a  metal,  but  it  is  retarded  by  replacing  the 
hydroxyl  by  chlorine ;  the  nitration  or  chlormation  of  the 
benzene  nucleus  in  phenol  increases  the  force  with  which  the 
oxygen  combines  with  a  metallic  atom  which  has  been  sub- 
stituted for  the  hydrogen  m  hydroxyl.    Perhaps  the  unstable 
carbon  tetra-iodide  CI4  offers  the  best  example.    It  easily  ex- 
changes its  four  iodine  atoms,  for  oyxgen,  but  if  one  hydrogen 
atom  is  substituted  for  one  of  the  four  iodine  atoms  and  the 
tetra-iodide  is  converted  into  iodoform  CHI3,  then  these  three 
atoms  of  iodine  are  much  more  firmly  attached  to  the  carbon 
atom  than  the  four  iodine  atoms  in  the  tetra-iodide. 

The  influence  of  the  substitution  on  the  stability  of  the 
compounds  o|ten  extends  over  many  members  of  the  chain. 
The  stability  of  the  salts  of  the  amines  diminishes  with  the 
successive  substitution  of  negative  elements  for  hydrogen  m 
the  hydrocarbon  radicle  attached  to  the  carbon. 

Aniline  is  a  base  of  feeble  avidity  according  to  Menschut- 

kin '  ■k  =  0.    It  forms  stable  salts,  e.g.  aniline  hydrochloride, 

X 

'  Compt.  rend.  1883,  xcvi.  256.  Menschutkin  believes  that  his  experiments 
are  not  in  unison  with  the  theory  of  Guldberg  and  Waage,   L.  Meyer  is  of 
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PI1.NH2HCI.  A  single  chlorine  atom  in  the  benzene  nucleus 
appreciably  dimininishes  its  stabiHty,  even  if  it  is  in  the 
para  position  which  is  the  most  distant  from  the  nitrogen 

C1C(  >CNH2,HC1. 
\CH-CH/ 

Here  the  action  of  the  chlorine  attached  to  one  carbon  atom 
extends  through  three  others  to  the  nitrogen  atom  and  en- 
feebles the  basicity.  A  second  chlorine  atom,  at  any  point  in 
the^  benzene  nucleus,  dimuiishes  the  attraction  between  the 
amide  -NH^  and  the  acid  to  such  an  extent  that  it  ceases  to 
form  salts.  The  introduction  of  2CH3  for  H.,  in  NH^  enables 
it  once  more  to  unite  with  acids.  Similar  effects  increasing 
or  destroying  the  stability  of  compounds  are  the  rule,  not  the 
exception. 

§  316.  When  we  speak  of  the  stability  of  chemical  com- 
pounds, the  term  stability  is  merely  relative,  as  this  property 
varies  widely  with  different  forces.    It  is  the  result  of  several 
different  causes  some  of  which  tend  to  bring  about  the  decom- 
position of  the  compound  and  others  to  oppose  it.    In  order  to 
separate  these  different  causes  and  their  effects  it  is  necessary 
to  make  a  thoroughgoing  comparison  of  the  behaviour  of  the 
different  categories  of  compounds,  based  as  far  as  possible  on 
quantitative  measurements.    By  the  comparison  of  analogous 
groups  of  compounds,  and  the  determination  of  their  points 
of  resemblance  and  difference,  material  will  be  collected  for  a 
doctrine  of  comparative  affinity  which  will  trace  the  behaviom- 
of  compounds,  the  conditions  of  their  formation  and  decom- 
position, to  the  properties  of  the  atoms  as  the  ultimate  cause. 
As  our  knowledge  progresses  in  this  direction,  chemistry  wiU 
gradually  lose  the  character  of  a  descriptive  and  acquu-e  that 
of  a  speculative  science.  Not  that  there  is  any  lack  of  theoris- 
ing in  chemistry,  but  that  the  speculations  will  gain  a  firmer 
basis,  and  we  shall  be  in  a  better  position  to  predict  with  a 
greater  amount  of  certainty  the  results  of  an  experiment. 

opinion  that  this  is  not  the  case,  for  as  x-  may  have  any  positive  value,  a;^ 
may  =  00  ,  and  consequently  -  =  0. 
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XVII. 

CONCLUSION. 

The  necessity  of  hypotheses  and  theories  as  aids  to  experi- 
ment and  observation  was  recognised  by  Bacon  more  than 
two-hmidred  years  ago  in  the  Aphorisms  '  de  interpretatione 
natm-jB'  of  his  'Novum  Organum.'  '  Nec  manus  nuda,  nec 
intellectus  sibi  permissus  multum  valet :  instrumentis  et 
auxiliis  res  perficitm-,  quibus  opus  est  non  minus  ad  intellec- 
tum  quam  ad  manum.'  Hypotheses  and  theories  are  the  aids 
and  instruments  of  thought,  but  chemists  have  not  at  all 
times  recognised  their  necessity.  On  the  contrary,  the  history 
of  chemistry  shows  that  periods  in  which  theoretical  specula- 
tions were  too  highly  esteemed  have  repeatedly  alternated 
with  periods  in  which  these  speculations  were  neglected  or 
treated  with  scanty  respect. 

Bacon  himself  says  of  the  chemical  theories  of  his  contem- 
poraries :  '  Chymicorum  autem  genus  ex  paucis  experimentis 
fornacis  philosophiam  constituerunt  phantasticam  et  ad  pauca 
spectantem,'!  and  this  criticism  has  often  apphed  in  later  days. 

Even  at  the  present  time,  hypotheses  are  only  too  fre- 
quently based  on  unreliable  or  incomplete  observations,  which 
appear  to  give  a  plausible  explanation  for  a  very  narrow  circle 
of  phenomena,  without  excluding  other  explanations  of  the 
same  phenomena.  They  are  frequently  incapable  of  any 
general  application.  It  is  obvious  that  such  attempts  at 
theories,  which  often  require  more  arbitrary  assumptions  than 
the  number  of  facts  they  are  intended  to  explain,  are  not 
destined  to  last  long.  It  is  clear  that  a  preponderance  of  such 
theories  in  chemistry  tends  to  diminish  for  a  time  the  import- 
ance attached  to  theoretical  speculations,  and  consequently 

'  Nov.  Org.  I.,  Aph.  liv. 


576 


MODERN  THEOEIES  OF  CHEMISTRY 


there  was  at  one  time  a  desire  in  discussing  chemical  facts  to 
avoid  even  well-founded  theories  as  long  as  it  was  possible  to 
do  without  them.  Indeed,  it  was  believed  that  the  rich 
empirical  material  could  be  systematically  arranged  without 
the  aid  of  theory. 

The  two  hypotheses  on  which  the  modern  development  of 
theoretical  chemistry  is  primarily  based,  viz.  Avogadro's 
hypothesis  on  the  molecular  constitution  of  gases  and  that  of 
Dulong  and  Petit  on  the  capacity  for  heat  of  the  atoms,  have 
both  experienced  this  fate. 

In  the  case  of  Dulong  and  Petit,  it  was  not  altogether 
undeserved,  as  the  erroneous  conclusions  drawn  from  their 
hypothesis,  combined  with  incorrect  and  unreliable  observa- 
tions, more  than  once  threatened  to  upset  the  results  of  other 
and  better  observations,  and  even  misrepresented  well-known 
facts  and  prevented  a  correct  insight  into  their  mutual  con- 
nection being  attained.  But  after  the  vaHdity  of  this  hypo- 
thesis was  confined  within  its  true  limits  and  after  almost  all 
the  deductions  derived  from  it  were  brought  into  complete 
agreement  with  other  results  of  investigation,  a  considerable 
time  elapsed  before  it  met  with  general  acceptance.  Although 
at  the  present  time  no  open  opposition  is  offered  to  this  hypo- 
thesis, there  are  still  some  noted  chemists  who  make  use  of 
other  atomic  weights  of  the  elements  than  those  required  by 
this  undoubtedly  correct  hypothesis. 

Avogadro's  hypothesis  received  very  similar  treatment,  al- 
though the  only  objection  brought  against  it  is  that  mentioned 
in  §§  28  to  34.  It  was  its  misfortune  that  even  at 
the  very  beginning  Avogadro's  molecules  were  straight  away 
identified  with  Dalton's  atoms,  although  it  is  impossible  for 
any  attentive  reader  not  to  see  that  Dalton's  atoms  could  only 
be  fractions  of  Avogadro's  molecules.  Twenty  years  ago 
(1864),  when  this  book  first  appeared,  neither  of  these  hypo- 
theses could  be  said  to  be  universally  acknowledged.  Many 
chemists  neither  denied  nor  accepted  but  simply  ignored 
them.  As  a  rule,  text-books  and  lecturers  only  availed  them- 
selves of  a  small  portion  of  their  results.  This  has  been 
entirely  changed  by  the  subsequent  development  of  Organic 
Chemistry.    The  hypotheses  of  Avogadro  and  of  Dulong  and 
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Petit  are  universally  acknowledged  to  be  the  bases  of  the 
determinations  of  atomic  and  molecular  weights.  Gmelin's 
so  called  equivalent  weights  have  almost  disapj)eared  from  our 
literature,  and  Berzelius's  numbers  justified  by  these  hypo- 
theses have  again  gained  the  ascendency. 

This  opposition  to  the  mtroduction  and  adoption  of  well- 
foimded  theoretical  considerations  forms  a  sharp  contrast  to 
the  stubbornness  and  tenacity  with  which  hypotheses  and 
theories  once  mtroduced  into  the  science  are  retained,  even 
when  they  have  grown  untenable,  by  the  most  cautious  and 
experienced  chemists.  The  belief  in  the  existence  of  phlogis- 
ton for  a  long  time  prevented,  in  an  incomprehensible  way, 
highly  gifted  chemists  from  acknowledging  the  correctness  of 
Lavoisier's  conclusions.  BerthoUet,  blinded  by  his  love  for 
his  theory  of  the  action  of  mass,  raised  the  strongest  opposi- 
tion to  the  laws  of  stochiometry.  Berzelius  pertinaciously 
disputed  Davy's  theory  of  the  elementary  nature  of  chlorine, 
because  it  revolutionised  the  system  of  chemistry,'  and  did  not 
conform  with  his  electrochemical  theory.^  For  the  same  or 
similar  reasons  he  denied  the  theory  of  substitution  main- 
tained by  Dumas,  Laurent  and  others,  even  when  almost  all 
the  other  chemists  had  acknowledged  it,  and  he  declared  with 
many  other  authorities  that  the  only  correct  theory  of  the 
constitution  of  chemical  compounds  ^  is  the  so-called  dualistic 
theory,  in  opposition  to  the  unitary  or  type  theory,  maintained 
by  Laurent,  Gerhardt,  &c.  The  history  of  chemistry  offers 
numerous  examples  of  this  kmd. 

On  the  other  hand,  no  hypothesis  has  been  adopted  with 
less  hesitation  in  chemistry  than  Dalton's  Atomic  Theory.  It 
is  true  also  that  no  other  theory  penetrates  so  deeply  into  the 
nature  of  chemical  changes  and  no  other  theory  can  yield 
such  overwhelming  confirmation  of  its  truth.  But  even 
sharply  criticised  hypotheses  have  often  gained  a  rapid  accept- 
ance. In  1864  the  theory  of  atomic  linking  was  only  in  the 
first  stage  of  its  development,  and  its  validity  was  disputed 
by  many  chemists  of  high  standmg.  Even  many  of  its  fol- 
lowers were  ignorant  of  the  true  signification  which  the  for- 

'  Gilb.  Ann.  1812,  xlii.  288.  '  Ibid.  1815, 1.  367,  410,  445. 

3  Vide  §  122. 
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mulsB  of  the  typical  system  concealed.  It  soon  met  with 
approbation,  and  has  proved  in  the  most  briUiant  manner  its 
capability  for  further  development. 

The  atomic  theory  succeeded  not  only  in  regarding  the 
quantitative  composition  of  compounds  from  one  general  point 
of  view,  but  it  succeeded  in  correctly  predicting  the  composi- 
tion of  innumerable  compounds,  and  the  theory  of  atomic 
linking  not  only  explained  the  large  number  of  known  cases 
of  isomerism,  but  it  led  to  the  discernment  of  a  much  larger 
number  and  to  the  discovery  of  a  new  and  peculiar  class  of 
compounds. 

It  is  only  natural  that  the  weight  and  authority  of 
h,ypotheses  and  theories  in  chemistry  should  be  increased  by 
such  results  as  these.  The  hesitation  which  formerly  pre- 
vailed in  making  use  of  theories  gave  way  to  the  custom 
of  placing  theoretical  views  as  much  as  possible  in  the  fore- 
ground and  only  employing  the  results  of  observations  to  con- 
firm the  speculations.  Hypotheses  and  theories  now  occupy  a 
far  higher  position  than  they  did  at  the  time  when  this  book, 
which  deals  only  with  theories,  first  appeared. 

An  intelligent  critic  will  hardly  seek  to  account  for  this 
real  or  apparent  contradiction,  between  the  alternately  high 
and  low  estimation  in  which  hypotheses  and  theories  have  been 
held,  by  an  uncertainty  in  opinion.  In  a  science  which  em- 
braces such  a  large  number  of  talented  followers,  it  is  impos- 
sible for  any  erroneous  notions  to  prevail  as  to  the  value  or 
worthlessness  of  hypotheses  and  theories.  The  vicissitudes 
in  the  position  which  theories  hold  in  chemistry  are  essential 
results  of  the  condition  of  chemistry  itself  at  the  time. 

The  value  of  hypotheses  '  is  essentially  twofold  in  nature. 
In  the  first  place  it  depends  on  the  purely  jpractical  advantage 
which  it  brings.  The  progress  of  the  science  depends  on  the 
establishment,  confirmation  or  destruction  of  hypotheses  by 
experiment.  This  use  of  hypotheses  has  been  witnessed  in 
chemistry  since  its  very  beginning  to  such  an  extent  that 
when  the  value  of  hypotheses  is  mentioned  in  chemical 
treatises,  it  is  only  this  advantage  which  is  usually  cited.  In 

'  Vide  BerthoUet's  Statique  CJdmiqtie,  p.  4-10  ;  also  Marignac's  'Report  on 
Maumend's  Theory  of  Affinities,'  Bibl.  Univ.  Arch.  Jan.  23,  1865,  p.  76. 
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fact  this  in  itself  is  great  enough  to  justify  the  use  of  hypo- 
theses. 

But  the  value  and  the  use  of  hypotheses  are  not  merely 
confined  to  the  inducement  they  offer  to  the  chemist  to  under- 
take new  investigations  with  the  ohject  of  testing,  proving,  or 
disproving  their  vahdity.  The  simple  knowledge  of  things  as 
they  are  or  appear  to  be  does  not  satisfy  the  inquiring  spirit 
of  man.  He  endeavours  to  fathom  the  ultimate  cause  of 
things,  of  all  changes  and  of  all  actions.  This  aim  will 
doubtless  never  be  attained.  Our  ideas  can  never  be  identical 
with  the  real  nature  of  things,  but  they  can  more  and  more 
closely  approximate  to  them,  as  shadows  more  and  more 
sharply  reproduce  the  shape  of  an  object.  But,  in  order  that 
our  ideas  may  more  and  more  closely  resemble  the  true  nature 
of  things,  we  must  first  of  all  set  up  hypotheses,  and  logically 
develop  the  results  of  these  hypotheses,  with  or  without  the 
aid  of  mathematics,  into  a  theory,  and  compare  the  results  of 
this  development  with  phenomena  accessible  to  our  powers  of 
observation.  The  closer  the  agreement  between  theory  and 
observation,  the  greater  will  be  the  probability  that  our 
hypothesis  gives  an  approximately  correct,  if  not  absolutely 
true,  representation  of  the  nature  of  the  phenomena.  This 
state  of  probability  is  the  highest  aim  which  the  natural 
sciences  can  hope  to  attain.  The  increasmg  probability  may 
grow  nearer  and  nearer  to  certainty,  but  it  can  never  be  trans- 
formed into  absolute  infallibility. 

Here  hes  the  danger  in  the  use  of  theories  and  hypotheses. 
It  proceeds  from  the  difficulty  of  judging  the  degree  of  prob- 
ability and  of  definitely  deciding  between  probability  and  cer- 
tainty. In  the  case  of  such  a  young  science  as  the  exact 
chemistry  it  is  often  difficult  to  separate  those  parts  of  the 
theory  which  are  only  the  abstract  expression  of  observed  facts, 
and  which  therefore  possess  the  highest  degree  of  certainty 
which  the  perceptions  of  the  senses  can  possibly  possess,  from 
the  really  hypothetical  assumptions  which  are  introduced  into 
our  speculations.  If  no  distinction  is  made  between  these  two 
classes  of  hypotheses,  then  facts  and  hypotheses  grow  together 
in  such  rank  confusion  that  it  becomes  difficult  to  dispense 
with  hypotheses  which  have  become  very  improbable. 
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It  is  then  easy  to  retain  them  too  long  and  when  finally 
such  a  hypothesis  is  abandoned  as  quite  untenable,  it  may 
easily  shake  the  science  to  its  very  foundations.  Chemistry 
has  ah-eady  experienced  no  slight  number  of  these  violent 
upheavals,  from  the  time  of  the  overthrow  of  the  phlogistic 
theory  to  the  period  when  the  systematic  classification  by 
series  and  types  was  accomplished. 

If  chemistry  is  to  be  spared  from  fresh  disturbing  catas- 
trophies  it  is  above  all  things  necessary  to  arrive  at  a  correct 
valuation  of  the  hypotheses  and  theories  which  we  hope  will 
soon  be  the  common  property  of  all  investigators. 

Just  as  we  have  happily  overcome  the  false  depreciation 
of  hypotheses  and  theories  and  the  exaggerated  fear  of  their 
pernicious  influence,  we  shall  also  succeed  in  banishing  the 
opposite  extreme  from  chemistry,  viz.  dogmatising,  frivolously 
proposing  and  overestimating  the  value  of  hypothetical  assump- 
tions. The  chemical  journals  of  our  days  are  rich  in  treatises 
which  begin  with  detailed  speculations  prompted  by  theory  but 
not  confirmed  by  observation,  and  end  with  another  and  dif- 
ferent theoretical  representation  which  is  apparently  adapted 
to  the  unexpected  results  of  observation.  Then  a  posteriori  the 
observations  very  often  appear  as  a  confirmation  of  the  theory 
which  was  arrived  at  a  priori  from  quite  different  predictions. 
This  want  of  agreement  between  speculation  and  experiment  is 
particularly  noticeable  in  attempts  to  prepare  compounds  known 
to  be  theoretically  possible,  not  in  the  existence  or  non-existence 
of  these  compounds.  Where  theory  indicates  the  possibility 
of  a  definite  compound,  it  is  generally  possible  to  prepare  it, 
but  the  first  attempt  seldom  succeeds.  The  methods  which 
according  to  theory  appear  to  offer  the  best  promise  of  success 
often  lead  to  no  result  or  to  an  unexpected  one ;  frequently  an 
experiment  often  repeated  under  different  conditions  yields 
the  desked  result,  but  very  often  the  compound  which  has 
long  been  sought  for  in  vain  will  be  accidentally  discovered 
by  a  method  which  was  not  expected  to  yield  it.  It  has  not 
seldom  happened,  even  in  recent  times,  that  whole  classes  of 
compounds  have  been  discovered  whose  existence  was  not 
foreseen  by  the  theory  of  atomic  linking. 

This  undeniable  source  of  weakness  exposes  the  theory  to 
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a  danger  which  must  not  be  underestimated.  It  is  the  ten- 
dency, especially  in  many  new  text  books,  to  treat  chemistry 
as  a  deductive  science.  No  doubt  chemical  compounds  and 
their  relations  to  each  other  can  be  more  systematically  repre- 
sented and  more  easily  grasped,  if  we  regard  them  from  a 
common  standpoint  as  the  necessary  results  of  a  few  general 
laws.  We  may  acknowledge  that  at  the  present  time  the 
theory  of  the  chemical  equivalence  of  the  elements  and  the 
law  of  atomic  linking  have  jproved  themselves  qualified  to  be 
regarded  as  universally  vaHd  laws.  They  have  averted  the 
threatened  confusion  of  Inorganic  Chemistry,  brought  about  by 
the  overthrow  of  the  electrochemical  system ;  they  have  given 
a  systematic  arrangement  to  Organic  Chemistry,  which  the 
electrochemical  theory  was  quite  mcapable  of  doing.  But  m 
then-  time  the  phlogistic  theory  and  the  electrochemical  theory 
rendered  the  same  service,  for  they  created  a  new  systematic 
order  in  chemistry,  and  brought  about  the  discovery  and  the 
prediction  of  a  multitude  of  phenomena.  Nevertheless  they 
have  fallen,  and,  although  most  of  the  good  in  them  has  been 
retained,  still  many  a  correct  notion  has  been  buried  with  the 
imtenable  views  of  these  theories,  to  be  rediscovered  and  to 
receive  its  proper  recognition  after  an  interval  of  many  years. 
The  fate  of  om-  present  theories  can  hardly  be  different.  As 
was  the  case  with  the  older  ones,  a  portion  of  our  present 
theories  will  be  retained,  but  another  portion,  which  even  now 
ajopears  to  be  tottering,  will  after  a  time  be  found  to  be  unten- 
able. If  the  next  transition  in  our  hypotheses  is  to  avoid  the 
strife  and  confusion  which  the  change  from  the  phlogistic  to 
the  antiphlogistic,  or  from  the  dualietic  to  the  unitary  theories 
brought  about,  we  must  take  care  to  keep  separate  in  our  pre- 
sent theories  everything  which  is  a  direct  expression  of  observed 
facts,  on  the  one  hand,  from  what,  on  the  other  hand,  has  been 
added  to  our  observations  by  theories  and  hypotheses,  so  that 
we  may  always  know  what  has  an  empirical  and  what  has  only 
a  hypothetical  basis  m  our  theories.  It  is  not  the  promulga- 
tion and  the  defence  of  hypotheses  and  theories  which  create 
violent  and  bitter  discussions,  but  it  is  the  confusion  of  hj-po- 
thesis  with  unassailable  truth.  If  the  hypothesis  of  phlogiston 
and  the  dualistic  theory  had  not  acquired  the  form  and  im- 
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portance  of  infallible  dogmas,  the  fact  would  now  be  more 
frequently  recognised  that  they  were  in  their  time  useful 
but  unproved  hypotheses,  and  their  transformation  would 
hardly  have  shaken  the  whole  science  to  its  very  foundations 
and  have  retarded  the  progress  of  the  science  to  the  extent 
which  it  did. 

There  is  no  fear  that  those  chemists  living  who  witnessed 
the  struggle  between  the  dualistic  and  the  unitary  theories, 
between  electrochemical  theories  and  types  and  atomic  link- 
ing, will  ever  involve  themselves  in  a  similar  struggle.  But  a 
new  generation  is  now  at  work  side  by  side  with  the  older 
chemists  in  the  same  field,  for  whom  the  dualistic  system  has 
scarcely  more  than  an  historical  signification,  and  on  whom 
the  experiences  of  the  last  great  struggle  cannot  have  made 
such  a  deep  and  lasting  impression  as  to  produce  a  perpetual  re- 
membrance of  the  experiences.  In  fact,  the  current  chemical 
literature  shows  that  the  young  generation  is  much  more 
inclined  than  the  old  to  treat  chemistry  dogmatically,  especi- 
ally the  doctrines  of  the  chemical  equivalence  of  the  elements 
and  the  linking  of  atoms. 

Assertions  based  on  very  hollow  hypotheses  are  at  the  pre- 
sent time  stated  with  a  degree  of  positiveness,  and  are  defended 
with  an  amount  of  stubbornness,  which  is  not  inferior  to  that 
exhibited  by  the  supporters  of  the  phlogistic  theory,  nor  to  the 
bitterly  blamed  dogmatic  infallibility  of  the  electrochemical 
dualistic  system,  although  these  new  theories  do  not  possess 
the  general  utility  and  universal  applicability  which  both  the 
older  theories  appeared  to  possess  when  at  the  height  of  their 
power. 

The  impartial  observer  easily  recognises  that  the  atomic 
theory  is  the  only  chemical  theory  which  enters  deeply  into 
the  nature  of  chemical  phenomena,  in  the  same  way  that  the 
undulation  theory  penetrates  into  the  nature  of  light  and 
heat.  Each  chemical  theory  deals  with  the  atoms  and  their 
mutual  relations  superficially,  and  merely  from  one  point  of 
view.  Lavoisier's  chemistry  was  onesided,  the  electrochemi- 
cal dualistic  theory  was  onesided,  and  so  also  are  the  substi- 
tution theories  of  Dumas  and  Laurent,  and  Gerhardt's  t.ype 
theory.    The  theories  of  atomic  linking  and  of  the  chemical 
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valence  of  the  elements  are  both  onesided.  When  one  theory 
displaced  another,  this  was,  as  a  rule,  not  so  much  due  to  the 
strength  of  the  victor,  as  to  the  weakness  and  untenability  of 
the  views  of  the  vanquished.  Each  system  which  acquired 
ascendency  maintained  it  so  long  as  it  appeared  capable  of 
offering  a  satisfactory  explanation  of  the  most  important  and 
most  striking  phenomena.  It  lost  it  when  a  large  number 
of  observations  were  made  which  it  could  not  satisfactorily 
explain.  This  exchange  of  one-sided  systems  will  probably 
be  often  repeated  before  we  succeed  in  finding  a  hypothesis  . 
which  enters  more  deeply  into  the  nature  of  chemical  atoms, 
and  from  which  a  general  theory  can  be  developed,  which  will 
embrace  all  chemical  phenomena. 

Each  new  transformation  leaves  behind  it  a  larger  treasure 
of  valuable  results,  and  leaves  the  nucleus  of  the  science  less 
dependent  on  the  dommant  theories. 

The  present  state  of  the  science  is  well  fitted  to  show  the 
state  of  independence  we  have  attained.  The  rich  mass  of 
material  can  be  arranged  and  treated  from  the  most  widely 
different  points  of  view.  The  arrangement  is  essentially  the 
same,  whatever  may  be  the  difference  in  the  fundamental 
opinions  of  the  authors;  for  it  is  determined  by  the  facts 
themselves,  it  no  longer  requires  the  support  of  theory. 

As  the  science  advances  the  injurious  influences  of  hypo- 
theses and  theories  can  be  more  easily  avoided.  We  can 
guard  against  them  more  completely  and  with  greater  cer- 
tainty if  we  carefully  avoid  mistaking  hypotheses,  be  they 
ever  so  probable,  for  irresistible  truths.  On  the  other  hand, 
we  must  carefully  avoid  depreciating  hypotheses  and  theories. 
Just  as  caution  and  deliberation  are  strongly  to  be  recom- 
mended in  bringing  forward  hypotheses  and  introducing  them 
into  the  science,  on  the  other  hand,  no  hypothesis  which  has 
shown  itself  of  general  application  should  be  set  aside  as  soon 
as  one  or  two  facts  are  discovered  which  it  does  not  appear 
capable  of  explaining.  We  should  rather,  in  the  first  place, 
attempt  to  alter  and  improve  it,  and  even  if  this  is  not  at 
once  successful,  a  disputed  hypothesis  capable  of  improve- 
ment may  for  a  time  be  of  service  to  the  science.  But  when 
it  is  proved  that  the  deductions  from  a  theory  are  directly 
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opposed  to  the  results  of  observation,  then  the  hypothesis 
must  be  at  once  abandoned  and  rej)laced  by  one  which  con- 
forms more  closely  with  the  facts.  Hypotheses  cannot  be  dis- 
pensed with  ;  they  are  the  necessary  implements  of  chemical 
theory  and  of  every  other  theory.  An  exact  knowledge  of  the 
implements,  their  capabilities,  strength,  and  weaknesses  is 
the  first  requirement  for  the  safe  and  successful  completion 
of  the  structure. 

The  more  chemists  accustom  themselves  to  the  correct  use 
of  hypotheses,  the  more  unhesitatingly  will  new  ones  be  intro- 
duced ;  and  this  is  the  more  necessary  as  the  science  becomes 
less  one-sided.  This  necessity  has  ah-eady  been  pointed  out 
in  the  first  edition  of  this  work.' 

'  It  will  be  necessary  in  the  immediate  future  to  introduce 
some  few  new  hjqjotheses.  It  appears  that  many  of  the  fields 
of  molecular  physics,  which  are  closely  allied  to,  and  are  in 
the  almost  exclusive  possession  of  chemistry,  cannot  be  suc- 
cessfully cultivated  at  present,  especially  the  theoretical  hypo- 
theses and  speculations  introduced  and  developed  by  Clausius, 
which  explain  the  different  conditions  and  forms  of  matter  by 
the  assumption  of  different  forms  of  motion  of  the  corporeal 
molecules. 

'  These  views,  proceeding  from  the  fundamental  principles 
of  mechanics  and  especially  the  mechanical  theory  of  heat, 
alone  appear  capable  of  penetrating  into  the  influence  which 
the  chemical  nature  of  bodies,  the  atomic  constitution  of  their 
molecules,  exert  on  the  changes  of  the  states  of  aggregation, 
e.g.  fusion  and  solidification,  evaporation  and  condensation, 
on  vapour  pressure  and  on  the  phenomena  of  diffusion, 
absorption,  solution,  crystallisation,  imbibition,  endosmose, 
and  all  similar  processes.  A  successful  theoretical  investiga- 
tion of  electrolysis  and  of  the  whole  field  of  electrochemistry 
appears  to  be  only  accessible  from  this  side.^  Perhaps  these 
views  will  soon  be  indispensable  in  considering  all  purely 
chemical  reactions,  chemical  decomposition  and  chemical 
combmation,  although  very  similar  views  have  independently 

'  Page  144. 

^  Vide,  '  Ueber  die  Elcktricilatsleilung  in  Eleklrolytcn,'  by  E.  Clausius, 
Fogg.  Attn.  1857,  ci.  338. 
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sprung  up  from  the  consideration  of  purely  chemical  re- 
actions.' ' 

This  prediction  has  been  fulfilled.  The  kinetic  theories  of 
the  states  of  aggregation  are  universally  accepted ;  they  have 
proved  to  be  excejedingly  fertile  and  have  permitted  us  to  gain 
an  insight  into  the  nature  of  the  small  particles  of  matter, 
the  molecules,  which  was  formerly  hardly  anticipated.  They 
have  already  been  discussed  in  the  previous  editions.  The 
fourth  and  fifth  editions  contain  the  kinetic  theory  of  electro- 
lysis by  Clausius,  and  also  Guldberg  and  Waage's  kinetic 
theory  of  the  action  of  mass,  which  is  developed  from  the 
views  of  Clausius  and  Williamson. 

On  the  other  hand,  we  must  still  lament  (section  XII)  the 
absence  of  kinetic  speculation  on  the  thermic  changes  ac- 
companying chemical  change,  and  it  has  been  shown  that  in 
this  important  branch  of  science  matters  of  fact  run  the 
danger  of  being  obscured  and  misrepresented,  owing  to  the 
survival  of  antiquated  theoretical  notions.  This  may  account 
for  the  fact  that  another  prediction  in  the  first  edition  is  still 
waiting  for  fulfilment,  viz.— 

*  It  is  by  no  means  improbable  that  the  contemplation  of 
the  movements  of  the  smallest  material  particles  will  be  per- 
mitted to  exert  a  much  deeper  influence  on  chemical  theories. 
The  gravitation  of  the  heavenly  bodies  has  been  explained, 
without  the  difficult  assumption  of  an  attraction  working  at  a 
distance  through  space,  by  means  of  the  single  hypothesis  of 
a  medium,  ether,  pervading  the  universe,  the  particles  of  which 
are  imbued  with  a  very  active  motion.^  We  may  perhaps 
succeed  in  dispensing  with  other  forces  of  attraction,  such  as 
affinity,  cohesion,  &c.,  which  are  now  generally  assumed  to 
exist,  and  be  able  to  show  all  the  phenomena  ascribed  to 
these  forces,  as  the  necessary  results  of  the  movements 
proceeding  from  the  smallest  particles  of  matter,  in  the  forms 
of  light,  heat,  &c.'  ^ 

'  Vide,  '  The  Theory  of  Etherification,'  by  A.  Williamson,  Lieb.  Ann.  1851, 
Ixxvii.  37. 

*  Le  Sage,  Deux  Traitds  de  Physiqtie  mdcanique,  publics  par  Pierre  Provost, 
Geneve  et  Paris,  1818.  P.  Prdvost,  De  I'origine  des  forces  magnitiques,  1788, 
chap.  2,  '  Principes  physiques.' 

'  Such  an  attempt  was  made  by  Le  Sage,  Essai  de  Chimie  Micanique, 

Q  Q 
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Unless  all  indications  prove  deceptive,  the  immediate 
future  must  bring  us  considerably  nearer  to  a  kinetic  theory 
of  affinity,  if  it  succeeds,  as  we  may  hope,  in  obtaining  a 
definite  notion  of  the  true  nature  of  electricity  as  a  peculiar 
form  of  motion. 

The  chemical  statics,  or,  as  we  may  now  call  it,  the  chemical 
mechanics,  which  Berthollet  created  at  the  beginning  of  the 
present  century,  will  receive  a  totally  different  shape  from 
the  introduction  of  the  hypotheses  and  theories  which  have 
already  been,  and  which  in  the  future  will  be  generally  ac- 
cepted. 

Although  all  the  views  and  hypotheses  from  which  Ber- 
thollet  started  have  undergone  thorough  transformation,  the 
aim  he  had  in  view  remains  unaltered.  It  is  still  the  applica- 
tion of  the  general  laws  of  statics  and  mechanics  to  chemical 
phenomena. 

The  best  proof  that  Berthollet  was  right  in  his  endeavours 
lies  in  the  fact  that  the  goal  he  had  in  view  remains  unaltered. 
The  completion  of  his  work,  which  was  interrupted  for  many 
years,  has  recommenced,  and  has  been  energetically  pushed 
forward  in  the  last  few  years  by  means  of  the  excellent 
methods  we  now  possess.  The  work  is  troublesome  but  com- 
paratively easy.  The  old  frame  will  be  refilled  with  the  new 
material  which  the  prosperous  development  of  the  science  has 
since  yielded  and  daily  continues  to  yield.  The  completion 
of  the  work  will  demand  much  time  and  energy,  but  rich 
will  be  the  reward.  It  will  erect  a  fitting  monument  to  the 
glorious  genius  of  its  founder. 

coui'onn6  en  1758  par  I'Academie  tie  Rouen.  Views  of  this  kind  were  very 
common  at  the  beginning  of  this  century,  which  have  since  been  neglected  and 
forgotten  (vide  TJiomson's  System  of  Chemistry,  4th  edition,  iii.  419), 
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ADDENDA. 

Behaviour  of  Phosphorus,  Arsenic,  and  Antimony  at  a  White 
Heat.  J.  Menschiiig  and  Victor  Meyer  {Ber.  d.  deut.  chem.  Ges. 
XX.  1833).— The  observations  of  the  authors  indicate  that  at  this 
temperature  phosphorus  and  arsenic  are  converted  into  vapours,  the 
densities  of  which  show  the  molecular  weights  to  be  lower  than 
represented  by  he  formulfe  P4  and  AS4,  and  in  all  probability 
are  indicated  by  the  formulfe  P2  and  As,.  Antimony  volatilises  at 
this  temperature,  and  the  vapour  density  is  lower  than  that  required 
by  Shi  or  Sbg ;  the  authors  do  not  definitely  state  whether  the  mole- 
cule is  di-  or  mon-atomic. 

Germanium. — This  element,  discovered  by  Winkler  early  in 
1886  {Ber.  d.  deut.  chem.  Ges.  xix.  210),  appears  to  be  identical 
with  Mendelejef's  ekasihcon,  and  would,  therefore,  fill  up  the  blank 
space  in  the  table  on  p.  168,  in  the  fourth  column  between  Titanium 
and  Zirconium.  Winkler  has  determined  its  atomic  weight  and 
shown  that  this  element  forms  two  series  of  compounds  in  which  it 
is  di-  and  tetra-valent  respectively.  Nilson  and  Pettersson's  deter- 
minations of  the  physical  constants  of  this  element  and  some  of  its 
compounds  have  given  the  following  results  [Zeitschr.  fiir  physi- 
kalische  Chemie,  1887,  i.  27. 

Specific  heat  of  germanium  between  100"  and  0°,  0-0737°  ;  atomic  heat,  5-33 

211°  and  0°,  0-0773         „       „  5-59 
„     301-5°  and  0°,  0-0768         „       „  5-65 
440°  and  0°,  0-0757         „       „  5-47 

Specific  heat  of  germanium  dioxide,  between  100°  and  0°,  0-1291  ; 
molecular  heat,  13-59.  The  vapour  densities  of  germanium  tetra- 
chloride, tetraiodide,  and  monosulphide  correspond  to  the  formulte 
GeCl4,  Gelj,  and  GeS,  being  7-43-7-46,  20-46,  and  3-54  respectively. 

The  critical  temperature  of  the  tetrachloride  has  been  found  to 
be  276-9°. 
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Coningsby.  Contarini  Fleming,  &c. 

Sybil.  Alroy,  Ixion,  &c. 

Tancred,  The  Young  Duke,  &c. 

Venetia.  Vivian  Grey. 

Novels  and  Tales.  Cheap  Edition, 
complete  in  11  vols.  Crown  Svo.  \s. 
each,  boards ;  \s.  6d.  each,  cloth. 

The  Wit  and  Wisdom  of  the 
Earl  op  Beaconsfield.  Crown  Svo. 
\s.  boards,  is.  6d.  cloth. 

■Seeker. —  Works  by  Professor 
Becker,  translated from  the  German  by 
the  Rev.  F.  Metcalf. 

Callus;  or,  Roman  Scenes  in  the 

Time  of  Augustus.    Post  Svo.  Js.  6d. 
Charicles  ;  or.  Illustrations  of  the 
Private  Life  of  the  Ancient  Greeks. 
Post  Svo.  7j.  (>d. 


Boultbee. — A  Commentary  on  the 
39  Articles  of  the  Church  of  England. 
By  the  Rev.  T.  P.  Boultbee,  LL.D. 
Crown  Svo.  6j. 

Bourne.  —  Works  by  John 
Bourne,  C.E. 

Catechism  of  the  Steam  Engine 
in  its  various  Applications  in  the  Arts,  to 
which  is  now  added  a  chapter  on  Air  and 
Gas  Engines,  and  another  devoted  to 
Useful  Rules,  Tables,  and  Memoranda. 
Illustrated  by  212  Woodcuts.  Crown  Svo. 
7j.  6d. 

Handbook  of  the  Steam  Engine; 
a  Key  to  the  Author's  Catechism  of  the 
Steam  Engine.  With  67  Woodcuts.  Fcp. 
Svo.  (js. 

Recent  Improvements  in  the 
Steam  Engine.  With  124  Woodcuts. 
Fcp.  Svo.  6s. 

Bowen.  —  Harrow  Songs  and 
other  Verses.  By  Edward  E. 
Bowen.  Fcp.  Svo.  2s.  6d.;  or  printed 
on  hand-made  paper,  5^. 

Brabazon. — Social  Arrows:  Re- 
printed Articles  on  various  Social  Subjects. 
By  Lord  Brabazon.  Crown  Svo.  is. 
boards,  Sj.  cloth. 

Brabourne. — Friends  and  Foes 
from  Fairyland.  By  the  Right  Hon. 
Lord  Brabourne.  With  2o;illustrations 
by  Linley  Sambourne.    Crown  Svo.  6s. 

Brassey.  —  Works  by  Lady 
Brassey. 

A  Voyage  in  the  'Sunbeam,^  our 
Home  on  the  Ocean  for  Eleven 
Months. 

Library  Edition,    With  8  Maps  and 

Charts,  and  I  iS  Illustrations, Svo.  2ij. 
Cabinet  Edition.    With  Map  and  66 

Illustrations,  crown  Svo.  "js.  6d. 
School  Edition.    With  37  Illustrations, 

fcp.  2s.  cloth,  or  3j.  white  parchment 

with  gilt  edges. 

Popular  Edition .  With  60  Illustrations, 
4to.  6d.  sewed,  is,  cloth. 

Sunshine  and  Storm  in  the  East. 
Library  Edition.    With  2  Maps  and 

114  Illustrations,  Svo.  21s, 
Cabinet  Edition.    With  2  Maps  and 
114  Illustrations,  crown  Svo.  7^.  6d, 
Popular  Edition.    With  103  Illustra- 
tions, 4to.  6d.  sewed,  is.  cloth. 

[Continued  on  next pa^. 


4 


Catalogue  of  General  and  Scientific  Books 


Brassey.  —  Works     by  Lady 

Bra  ssey — contimied. 

In  the  Trades,  the  Tropics,  and 
THE  '  Roaring  Forties.^ 

Library  Edition.     With  8  Maps  and 
Charts  and  292  Illustrations,  8vo.  21s. 
Cabinet  Edition.    With  Map  and  220 

Illustrations,  crown  8vo.  7j.  6d. 
Popular  Edition.    With  183  Illustra- 
tions, 4to.  6d.  sewed,  \s.  cloth. 

Three  Voyages  in  the  '  Sunbeam' 
Popular  Edition.  With  346  Illustrations, 
4  to.  2 J.  6d, 

Browne. — An  Exposition  of  the 
39  Articles,  Historical  and  Doctrinal. 
By  E.  H.  Browne,  D.D.,  Bishop  of 
Winchester.    8vo.  i6j'. 

Buckle. —  Works  BY  Henry  Thomas 
Buckle. 

History  of  Civilisation  in  Eng- 
land AND  France,  Spain  and  Scot- 
land. 3  vols,  crown  8vo.  24?. 

Miscellaneous  and  Posthumous 
Works.  A  New  and  Abridged  Edition. 
Edited  by  GRANT  ALLEN.  2  vols,  crown 
Svo.  2 1  J. 

Buckton. —  Works  by  Mrs.  C.  M. 
Buckton. 

Food  and  Home  Cookery.  With 
II  Woodcuts.    Crown  Svo.  7.s.  6d. 

Health  in  the  House.   With  41 

Woodcuts  and  Diagrams.  Crown  8vo.  2s. 

Our  Dwellings.  With  39  Illustra- 
tions.   Crown  Svo.  3J.  6d. 

Bull. —  Works  by  Thomas  Bull, 
M.D. 

Hints  to  Mothers  on  the  Man- 
agement of  their  Health  during  the 
Period  of  Pregnancy  and  in  the  Lying-in 
Room.    Fcp.  Svo.  \s.  6d, 

The  Maternal  Management  of 
Children  in  Health  and  Disease. 
Fcp.  Svo.  IS.  6d. 

BuUinger. — A  Critical  Lexicon 
AND  Concordance  to  the  English 
AND  Greek  New  Testament.  To- 
gether with  an  Index  of  Greek  Words 
and  several  Appendices.  By  the  Rev. 
E.  W.  BuLLiNGER,  D.D.  Royal  Svo.  15^. 

Burnside  and  "Pz-nt on.— The 

Theory  of  Equations.  With  an  In- 
troduction to  the  Theory  of  Binary 
Algebraic  Forms,  By  William  Snow^ 
Burnside,  M.A.  and  Arthur  William 
Panton,  M.A.    Svo.  I2s.  (yd. 


Burrows. — The  Family  of  Brocas 
of  Beaurepaire  AND  RocuE  Court 
Hereditary  Masters  of  the  Royal  Buck- 
hounds.  With  some  account  of  the  English 
Rule  in  Aquitaine.  By  Montagu 
Burrows,  M.A.  F.S.A.  With  26 
Illustrations  of  Monuments,  Brasses 
Seals,  &c.    Royal  Svo.  42J. 

Cabinet  Lawyer,  The ;  a  Popular 

Digest  of  the  Laws  of  England,  Civil, 
Criminal,and  Constitutional.  Fcp.8vo.9j. 

Caddy.  —  Through  the  Fields 
with  Linn^us.— By  Mrs.  Caddy. 
With  6  Illustrations  and  2  Maps.  2  vols, 
crown  Svo.  l6s. 

Carlyle.  —  Thomas  and  Jane 
Welsh  Carlyle. 

Thomas  Carlyle,  a  History  of  the 
first  Forty  Years  of  his  Life,  1 795-1835. 
By  J.  A.  Froude,  M.A.  With  2  Per- 
traits  and  4  Illustrations,  2  vols.  8vg.  32J. 

Thomas  Carlyle,  a  History  of  his 
Life  in  London  :  from  1834  to  his  death 
in  iSSi.  By  J.  A,  Froude,  M.A.  2  vols, 
Svo,  32J. 

Letters  and  Memorials  of  Jane 
Welsh  Carlyle.  Prepared  for  pub- 
lication by  Thomas  Carlyle,  and  edited 
by  J,  A.  Froude,  M,A,  3  vols,  Svo.  36^. 

Cates.  —  A  Dictionary  of 
General  Biography.  Fourth  Edition, 
with  Supplement  brought  down  to  tlbe 
end  of  1884.  By  W.  L.  R.  Gates.  Svo. 
2%s.  cloth ;  35J,  half-bound  russia. 

Cicero. — The  Correspondence  of 
Cicero  :  a  revised  Text,  with  Notes  and 
Prolegomena,  By  Robert  Y.  Tyrrell, 
M.A.  Fellow  of  Trinity  College,  Dublin. 
Vols.  I.  and  II.  I2s.  each. 

Clerk.— The  Gas  Engine.  By 
Dugald  Clerk.  With  loi  Illustrations 
and  Diagrams.    Crown  Svo.  ys.  6d. 

Coats. — A  Manual  of  Pathology. 
By  Joseph  Coats,  M.D,  Pathologist 
to  the  Western  Infirmary  and  the  Siek 
Children's  Hospital,  Glasgow.  With  339 
Illustrations  engraved  on  Wood.  Svo. 
3 1  J.  ()d. 

Colenso.— Pentateuch  and 
Book  op  Joshua  Critically  Ex- 
amined. By  J,  W.  Colenso,  D,D. 
late  Bishop  of  Natal.    Crown  Svo.  6s. 

Comyn. — Atherstone  Priory:  a 

Tale.  By  L,  N,  Comyn.  Crown  Svo. 
2S.  6d. 


Published  by  Messrs.  Longmans,  Green,  Co. 
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I  Conder.  —  A  Handbook  to  the 

Bible,  or  Guide  to  the  Study  of  the  Holy 
Scriptures  derived  from  Ancient  Monu- 
ments and  Modern  Exploration.  By  F. 
R.  Conder,  and  Lieut.  C.  R.  Conder, 
R.E.    Post  8vo.  7j.  6d. 

iConington,  —  Works   by  John 

CONINGTON,  M.A. 

The  JE.NEID  of-  Virgil.  Trans- 
lated into  English  Verse.  Crown  8vo.  gj. 

The  Poems  of  Virgil.  Translated 

into  English  Prose.    Crown  8vo.  gj. 

(Conybeare   &    Howson.  —  The 

Life  and  Epistles  of  St.  Pa  ul. 
By  the  Rev.  W.  J.  Conybeare,  M.A. 
and  the  Very  Rev,  J.  S.  Howson,  D.D. 
Library  Edition,  with  Maps,  Plates,  and 
Woodcuts.  2  vols,  square  crown  8vo. 
2is. 

Student's  Edition,  revised  and  condensed, 
with  46  Illustrations  and  Maps,  i  vol. 
crown  8vo.  Ts.  6d. 

(Cooke.  —  Tablets  of  Anatomy. 
By  Thomas  Cooke,  F.R.C.S.  Eng. 
B.A.  B.Sc.  M.D.  Paris.  Fourth  Edition, 
being  a  selection  of  the  Tablets  believed 
to .  be  most  useful  to  Students  generally. 
Post  4to.  Js.  6d. 

CCox.  —  The  First  Century  of 
Christianity.  By  Homersham  Cox, 
M.A.    8vo.  i2s. 

OCox. — A  General.  History  of 
Greece  :  from  the  Earliest  Period  to  the 
Death  of  Alexander  the  Great ;  with  a 
Sketch  of  the  History  to  the  Present 
Time.  By  the  Rev.  Sir  G.  W.  Cox, 
Bart.,  M.A.  With  11  Maps  and  Plans. 
Crown  Svo.  ^s.  6d. 

*J*  For  other  Works  by  Sir  G.  Cox, 
su  '  Epochs  of  History,'  p.  24. 

E3reighton.  —  History  of  the 
Papacy  During  the  Reformation. 
By  the  Rev.  M.  Creighton,  M.A. 
Svo.  Vols.  I.  and  II.  1378-1464,  32^. ; 
Vols.  III.  and  IV.  1464-1518,  24J. 

'Irookes.  —  Select  Methods  in 
Chemical  Analysis  (chiefly  Inorganic). 
By  William  Crookes,  F.R.S,  V.P.C.S. 
With  37  Illustrations,    8vo.  24^-. 

)^rump. — A  Short  Enquiry  into 
.  the  Forma  tion  of  Political  Opinion, 
from  the  Reign  of  the  Great  Families  to 
the  Advent  of  Democracy.    By  Arthur 
Crump.    8vo.  "js.  6d. 


Culley. — Handbook  of  Practical 
Telegraphy.  By  R,  S,  Culley, 
M.  Inst.  C.E.  Plates  and  Woodcuts. 
Svo.  16s. 

Dante. — The  Divine  Comedy  of 
Dante  Alighieri.  Translated  verse  for 
verse  from  the  Original  into  Terza  Rima. 
By  James  Innes  Minchin.  Crovra 
Svo.  1 5 J. 

Davidson. — An  Introduction  to 
the  Study  of  the  New  Testament. 
Critical,  Exegetical,  and  Theological. 
By  the  Rev,  S.  Davidson,  D.D,  LL,D. 
Revised  Edition.    2  vols,  Svo.  30J, 

Davidson. —  Works   by  William 
Z,  Davidson,  M.A. 
The  Logic  of  Definition  Ex- 
plained AND  Applied.   Crown  Svo,  6s. 
Leading  and  Important  English 
Words  Explained  and  Exemplified. 
Fcp.  Svo.  3J-,  bd, 

Decaisne   &    Le   Maout.  —  A 

General  System  of  Botany.  Trans- 
lated from  the  French  of  E,  Le  Maout, 
M,D,,  and  J,  Decaisne,  by  Mrs. 
Hooker  ;  with  Additions  by  Sir  J.  D. 
Hooker,  C,B,  F.R.S,  Imp.  Svo.  with 
5,500  Woodcuts,  3ij.  6d. 

De  Salis.  —  Works  by  Mrs.  De 
Salis. 

Savouries  a  la  Mode.    Fcp.  Svo. 

is.  boards. 

Entries  A  la  Mode.    Fcp.  Svo. 

IS.  6d.  boards. 

De  Tocqueville. — Democracy  in 
America.  By  Alexis  de  Tocque- 
ville. Translated  by  Henry  Reeve, 
C.B.    2  vols,  crown  Svo.  16s. 

D'Herrisson. — The  Black  Cabi- 
net. By  M.  le  Comte  d'Herrisson. 
Translated  from  the  French.  Crown  Svo. 
7^,  dd. 

Dickinson.  —  On  Renal  and 
Urinary  Affections.  ByW.HowsHip 
Dickinson,  M.D.Cantab,  F,R.C.P.  &c. 
With  12  Plates  and  122  Woodcuts.  3 
vols.  Svo.        4J.  (id. 

Dixon. — Rural  Bird  Life  ;  Essays 
on  Ornithology,  with  Instructions  for 
Preserving  Objects  relating  to  that 
Science.  By  Charles  Dixon.  With 
45  Woodcuts.    Crown  Svo.  5^. 

Dowell.  —  A  History  of  Taxa- 
tion AND  Taxes  in  England,  from 
the  Earliest  Times  to  the  Present 
Day.  By  Stephen  Dowell,  Assistant 
Solicitor  of  Inland  Revenue.  4  vols. 
Svo.  481. 
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Dublin  University  Press  Series 

(The)  :  a  Series  of  Works,  chiefly 
Educational,  undertaken  by  the  Provost 
and  Senior  Fellows  of  Trinity  College, 
Dublin  : 

Abbott's  (T.  K.)  Codex  Rescriptus  Dublin, 

ensis  of  St.  Matthew.    4to.  2IJ. 
■  Evangeliorum  Versio  Ante- 

hieronymianaex  CodiceUsseriano  (Dublin- 

ensi).    2  vols,  crown  8vo,  2IJ. 
Burnside  (W.  S.)  and  Panton's  (A.  W.) 

Theory  of  Equations.    8vo.  I2j.  6<f. 
Casey's  (John)  Sequel  to  Euclid's  Elements. 

Crown  8vo.  3^.  dd. 
,   .  Analytical  Geometry  of  the 

Conic  Sections.    Crown  8vo.  7^.  dd. 
Davies's  (J.  F.)  Eumenides  of  ^schylus. 

With  Metrical  English  Translation.  8vo. 

Dublin  Translations  into  Greek  and  Latin 
Verse.  Edited  by  R.  Y,  Tyrrell.  Svo. 
1 2 J.  dd. 

Graves's  (R.    P.)   Life  of   Sir  William 

Hamilton.     (3  vols.)    Vols.  I.  and  IL 

Svo.  each  15^. 
Griffin  (R.  W.)  on  Parabola,  Ellipse,  and 

Hyperbola,  treated  Geometrically.  Crown 

Svo.  6^. 

Haughton's  (Dr.  S.)  Lectures  on  Physical 

Geography.    Svo.  15J. 
Hobart's  (W.  K.)  Medical  Language  of  St. 

Luke.    8vo.  i6j. 
Leslie's  (T.  E.  Cliffe)  Essays  in  Political 

and  Moral  Philosophy.    8vo.  \os.  6d. 
Macalister's  (A. )  Zoology  and  Morphology 

of  Vertebrata.    Svo.  \os.  6d. 
MacCuUagh's  (James)  Mathematical  and 

other  Tracts.    Svo,  15J. 
Maguire's  (T.)  Parmenides  of  Plato,  Greek 

Text  with  English  Introduction,  Analysis, 

and  Notes.    Svo.  "Js.  6d. 
Monck's  (W.  H.  S.)  Introduction  to  Logic. 

Crown  Svo.  5^. 
Purser's  (J.  M.)  Manual  of  Histology.  Fcp. 

Svo.  5^. 

Roberts's  (R.  A.)  Examples  in  the  Analytic 
Geometry  of  Plane  Curves.  Fcp.  Svo.  5j. 

Southey's  (R.)  Correspondence  with  Caroline 
Bowles.  Edited  by  E.  Dowden.  Svo. 
14J. 

Thornhill's  (W.  J.)  The  ^neid  of  Virgil, 
freely  translated  into  English  Blank 
Verse.    Crown  Svo.  7j.  6d. 

Tyrrell's  (R.  Y.)  Cicero's  Correspondence. 
Vols.  I.  and  II.    Svo.  each  12s. 

 The  Acharnians  of  Aristo- 
phanes, translated  into  English  Verse. 
Crown  Svo.  2s.  6d. 

Webb's  (T.  E.)  Goethe's  Faust,  Transla- 
tion and  Notes.    Svo.  I2j.  6d. 

 The  Veil  of  Isis  :  a  Series 

of  Essays  on  Idealism.    Svo.  los.  6d. 
.  Wilkins's  (G.)  The  Growth  of  the  Homeric 
Poems.    Svo.  6s. 


Doyle. — The  Official  Baronage 
OF  England.  By  James  E.  Doyle. 
Showing  the  Succession,  Dignities,  and 
Offices  of  every  Peer  from  1066  to  1885 
Vols.  I.  to  III.  With  1,600  Portraits, 
Shields  of  Anns,  Autographs,  &c.  3  vols 
4to.  £S.  5'- 

Doyle.  ItEMINISCENCES  AND 

Opinions,  1813-1885.  By  Sir  Francis 
Hastings  Doyle.    Svo.  16s. 

Doyle. —  Works  by  J,  A.  Doyle, 
Fellow  of  All  Souls  College,  Oxford. 

The  English  in  America:  Vir- 
ginia, Maryland,  and  the  Carolinas. 
Svo.  iSj. 

The  English  in  America.-  The 
Puritan  Colonies.    2  vols.  Svo.  361. 

Edersheim. —  Works  by  the  Rev. 
Alfred  Edersheim,  D.D. 

The  Life  and  Times  of  Jesus 
THE  Messiah.    2  vols.  Svo.  24?. 

Prophecy  and  History  in  rela- 
tion TO  THE  Messiah:  the  Warburton 
Lectures,  delivered  at  Lincoln's  Inn 
Chapel,  1S80-1884.    Svo.  12s. 

Ellicott.  —  Works  by  C.  y. 
Ellicott,  D.D.  Bishop  of  Gloucester 
and  Bristol. 

A  Critical  and  Grammatical 
Commentary  on  St.  Pauls  Epistles, 
Svo. 

I.  Corinthians.  xSs, 
Galatians.    %s.  6d. 
Ephesians.    2>s.  6d. 
Pastoral  Epistles,    ioj.  6d. 
Philippians,  Colossians,  and  Philemon, 

10s.  6d. 
Thessalonians.    7j.  6d. 

Historical  Lectures  on  the  Life 
of  Our  Lord  Jesus  Christ.  Svo.  12s, 

English  Worthies.  Edited  by  An- 

DREV^r  Lang,  M.  A.  Fcp.  Svo.  2j.6^/.each. 
Darwin.    By  Grant  Allen. 
Marlborough.   By  G.  Saintsbury. 

Shaftesb  ury  { The  First  Earl).  By 

H.  D.  Traill. 
Admiral  Blake.  By  David  Hannay. 
Raleigh.    By  Edmund  Gosse. 
Steele.  By  Austin  Dobson. 
Ben Jonson.    By  J.  A.  Symonds. 
Canning.    By  Frank  H.  Hill. 
%*  Other  Volumes  are  in  preparation. 
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Epochs    of    Ancient  History. 

lo  vols.  fcp.  8vo.  2s.  6d.  each.  See  p.  24. 

Epochs  of  Church  History.  Fcp. 

Svo.  2s,  6d.  each.    See  p.  24. 

Epochs>f  English  History.  See 

p.  24. 

Epochs    of  Modern  History. 

18  vols.  fcp.  Svo,  2j.  6d.  each.  See  p.  24. 

Erichsen. —  Works  by  John  Eric 
Erichssn;  F.R.S. 

The  Science  and  Art  of  Sur- 
gery: Being  a  Treatise  on  Surgical  In- 
juries, Diseases,  and  Operations.  With 
984  Illustrations.    2  vols.  Svo.  425. 

On  Concussion  of  the  Spine,  Ner- 
vous Shocks,  and  other  Obscure  Injuries 
of  the  Nervous  System.   Cr.  Svo.  loj.  6d. 

Evans. — The  Bronze  Implements, 
Arms,  and  Ornaments  op  Great 
Britain  and  Ireland.  By  John 
Evans,  D.C.L.  540 Illustrations.  8vo.25j. 

Ewald.  —  Works  by  Professor 
Heinrich  Ewald,  of  Gottingen. 

The  Antiquities  of  Israel. 
Translated  from  the  German  by  H.  S. 
Solly,  M.A.    Svo.  12s.  6d. 

The  History  of  Israel.  Trans- 
lated  from  the  German.  8  vols.  Svo. 
Vols.  I.  and  II.  24r.  Vols.  III.  and 
IV.  2is.  Vol.  V.  iSj,  Vol.  VI.  i6s. 
Vol.  VII.  21s.  Vol.  VIII.  with  Index 
to  the  Complete  Work.  i8j, 

'Fa.irhdiiTti.— Works  by  Sir  W. 
Fairbairn,  Bart,  C.E. 

A  Treatise  on  Mills  AND  Mill- 
work,  with  18  Plates  and  333  Woodcuts. 
I  vol.  Svo.  25^. 

Useful  Information  for  Engi- 
neers. With  many  Plates  and  Wood- 
cuts.   3  vols,  crown  Svo.  3IJ.  dd. 

Farrar.  —  Language  and  Lan- 
guages. A  Revised  Edition  of  Chapters 
on  Language  and  Families  of  Speech.  By 
F.  W.  Farrar,  D.D.    Crown  Svo.  6j. 

Fitzwygram.  —  Horses  and 

Stables.  By  Major-General  Sir  F. 
FiTZWYGRAM,  Bart.  With  19  pages  of 
Illustrations,    Svo.  5j. 


Ford. — The  Theory  and  Practice 
OF  Archery.  By  the  late  Horace 
Ford.  New  Edition,  thoroughly  Revised 
and.Re-writtenby  W.  Butt,  M.A.  With 
a  Preface  by  C.  J.  L0ngman,  Senior 
Vice-President  Royal  Toxophilite  Society. 
Svo.  14J. 

Fox. — The   Early  History  of 
Charles  yAMES  Fox.    By  the  Right 
Hon.  Sir  G.  O.  Trevelyan,  Bart. 
Library  Edition,  Svo.  lis. 
Cabinet  Edition,  cr.  Svo.  6s. 

Francis. — A  Book  on  Angling; 

or.  Treatise  on  the  Art  of  Fishing  in  every 
branch;  including  full  Illustrated  Lists 
of  Salmon  Flies.  By  Francis  Francis. 
Post  Svo,  Portrait  and  Plates,  l^s. 

Freeman. — The  Historical  Geo- 
graphy OF  Europe.  By  E.  A.  Free- 
MAN,  D.C.L.  With  65  Maps.  2  vols. 
Svo.  31J.  6d. 

Froude. —  Works  by  James  A. 
Froude,  M.A. 

The  History  of  England,  from 
the  Fall  of  Wolsey  to  the  Defeat  of  the 
Spanish  Armada. 

Cabinet  Edition,  12  vols.  cr.  Svo.  ^3.  \2s. 
Popular  Edition,  12  vols.  cr.  Svo.  £2.  2s. 

Short  Studies  on  Great  Sub- 
jects.   4  vols,  crown  Svo.  24J. 

CjEsar  :  a  Sketch.    Crown  Svo.  6s. 

The  English  in  Ireland  in  the 
Eighteenth  Century.  3  vols,  crown 
Svo.  iSj. 

Oceana;  or,  England  and  Her 
Colonies.  With  9  Illustrations.  Crown 
Svo.  2s.  boards,  2s,  6d.  cloth. 

Thomas  Carlyle,  a  History  of  the 

first  Forty  Years  of  his  Life,  1795  to 
1835,    2  vols.  Svo.  32J. 

Thomas  Carlyle,  a  History  of  His 

Life  in  London  from  1834  to  his  death  in 
i88r.  With  Portrait  engraved  on  steel. 
2  vols.  Svo.  32X. 

Ganot. —  Works  by  Professor 
Ganot.  Translated  by  E.  Atkinson, 
Ph.D.  F.C.S. 

Elementary  Treatise  on  Phy- 
sics. With  5  Coloured  Plates  and  923 
Woodcuts.    Crown  Svo.  15^. 

Natural  Philosophy  for  Gene- 

RAL   JiEADERS  AND    YOUNG  PERSONS. 

With  2  Plates  and  471  Woodcuts.  Crown 
Svo.  "js.  6d, 
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Gardiner.  —  Works  by  Samuel 
Rawson  Gardiner,  LL.D. 

History  of  England,  from  the 
Accession  of  James.  I.  to  the  Outbreak  of 
the  Civil  War,  1603-1642.  Cabinet 
Edition,  thoroughly  revised.  10  vols, 
trown  8vo.  price  bs.  each. 

A  History  of  the  Great  Civil 
War,  1642-1649.  (3  vols.)  Vol.  I. 
1642-1644.    With  24  Maps.    Svo.  z\s. 

Outline  of  English  History, 
B.C.  55-A.D.  1880.  With  96  Woodcuts, 
fcp.  8vo.  2j.  6d. 

For  other  Works,  see  •  Epochs  of 
Modern  History,'  p.  24. 

Garrod.  —  Works  by  Alfred 
Baring  Garrod,  M.D.  F.R.S. 

A  Treatise  on  Gout  and  Rheu- 
ma  tic  Go  ut  [Rheum a  tow  Arthritis)  . 
With  6  Plates,  comprising  21  Figures 
(14  Coloured),  and  27  Illustrations  en- 
graved on  Wood.    8vo.  21s. 

The  Essentials  of  Materia 
Medica  and  Therapeutics.  Newr 
Edition,  revised  and  adapted  to  the  New- 
Edition  of  the  British  Pharmacopoeia, 
by  Nestor  Tirard,  M.D.  Crown  Svo. 
12S.  6d. 

Gilkes. — Boys  AND  Masters  :  a  Story 
of  School  Life.  By  A.  H.  Gilkes,  M.  A. 
Head  Master  of  Dulwich  College.  Crown 
Svo.  3^.  6d. 

Goethe. — Faust.  Translated  by  T. 

E.  Webb,  LL.D.    Svo.  12s.  6d. 

Fa  ust.  a  New  Translation,  chiefly  in 
Blank  Verse ;  with  Introduction  and 
Notes.    By  James  Adey  Birds,  B.A. 

F.  G.S.    Crown  Svo.  \2s.  6d. 

Faust.  The  German  Text,  with  an 
English  Introduction  and  Notes  for  Stu- 
dents. By  Albert  M.  Selss,  M.A. 
Ph.D.    Crown  Svo,  5j. 

Goodeve. —  Works  by  TM.  Good- 
eve,  M.A. 

Principles  of  Mechanics.  With 
253  Woodcuts.    Crown  Svo.  6j. 

The  Elements  of  Mechanism. 
With  342  Woodcuts.    Crown  8yo.  6j. 

A  Manual  of  Mechanics  :  an 
Elementary  Text-Book  for  Students  of 
Applied  Mechanics.  With  138  Illustra- 
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Fcp.  Svo.  2s,  6d. 


Grant. — The  Ethics  of  Aristotle, 
The  Greek  Text  illustrated  by  Essays 
and  Notes.  By  Sir  Alexander  Grant 
Bart.    LL.D.    D.C.L.    &c.     2  vols'. 
Svo.  32^. 

Gray.  —  Anatomy,  Descriptive 
and  Surgical.  By  Henry  Gray, 
F.R.S.  late  Lecturer  on  Anatomy  at 
St.  George's  Hospital.  With  569  Wood- 
cut Illustrations,  a  large  number  of 
which  are  coloured.  Re-edited  by  T. 
Pickering  Pick,  Surgeon  to  St.  George's 
Hospital.    Royal  Svo.  36J. 

Green. — The  Works  of  Thomas 
Hill  Green,  late  Fellow  of  Balliol 
College,  and  Whyte's  Professor  of  Moral 
Philosophy  in  the  University  of  Oxford. 
Edited  by  R.  L.  Nettleship,  Fellow 
of  Balliol  College,  Oxford  (3  vols.) 
Vols.  I.  and  II. — Philosophical  Works. 
Svo.  i6j.  each. 

GvtvWl^— Works   by    C.    C.  F. 
Greville. 

A  Journal  of  the  Reign  of  Queen 
Victoria,  from  1837  to  1852.  3  vols. 
Svo.  36^. 

A  Jo  urnal  of  the  Reign  of  Q  ueen 
Victoria,  from  1852  to  i860.  2  vols. 
Svo.  245-. 

Grove.  —  The  Correla  tion  op 
Physical  Forces.  By  the  Hon.  Sir 
W.  R.  Grove,  F.R.S.  &c.    Svo.  15^. 

Gwilt. — An  Encyclopedia  of 
Architecture.  By  Joseph  Gwilt, 
F.S.A.  Illustrated  with  more  than  r,ioo 
Engravings  on  Wood.  Revised,  with 
Alterations  and  Considerable  Additions, 
by  Wyatt  Papworth.    Svo.  52J.  61/. 

Haggard.  —  Works  by  H.  Rider 
Haggard. 

She  :  A  History  of  Adventure. 
Crown  Svo.  6s. 

Allan  Quatermain.  With 31  Illus- 
trations by  C.  H.  M.  Kerr.  Crown 
Svo.  6s. 

Halliwell-Phillipps.— C>t^rz/i\^£5  0i? 

THE  Life  of  Shakespeare.  By  J.  0. 
Halliwell-Phillipps,  F.R.S.  2  vols. 
Royal  Svo.  lOJ.  6d, 

Hamilton.— Z//^^  of  Sir  William 
R.  Hamilton,  Kt.  LL.D.  D.C.L. 
M.R.I.A.  &c.  By  the  Rev.  R.  P- 
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II.  Svo.  i$s.  each. 
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HdiTtQ— Novels  by  Bret  Harte. 

In  the  Carqvinez  Woods.  Fcp. 
8vo.  \s.  boards ;  \s,  6d.  cloth. 

On  the  Frontier.   Three  Stories. 
i6mo.  is. 

By   Shore   and   Sedge.  Three 
Stories.    i6mo.  is, 

Hsivtviig.— Works     by    Dr.  G. 
Hart  WIG. 

,  The  Sea  and  its  Living  Wonders. 
With  12  Plates  and  303  Woodcuts.  8vo. 
I  or.  ()d. 

The  Tropical  World.  With  8  Plates, 

and  172  Woodcuts.    8vo.  los.  6d. 
The  Polar  World.    With  3  Maps, 

8  Plates,  and  85  Woodcuts.   8vo.  loj.  6d. 
The  Subterranean  World.  With 

3  Maps  and  80  Woodcuts.    8vo.  loj.  6d. 
The  Aerial  World.    With  Map, 

8  Plates,  and  60  Woodcuts.   8vo.  10s.  6d[ 
Sea  Monsters  and  Sea  Birds. 

Fully  Illustrated.    Crown  8vo.  2s.  6d. 

cloth  extra,  gilt  edges. 

Denizens  of  the  Deep,  Fully- 
Illustrated.  Crown  8vo.  7.s.  6d.  cloth 
extra,  gilt  edges. 
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Dwellers  in  the  Arctic  Regions, 

Fully  Illustrated.    Crown  8vo.  2s,  6d, 
cloth  extra,  gilt  edges. 

Winged  Life  in  the  Tropics. 
Fully  Illustrated.  Crown  8vo.  2s.  6d. 
cloth  extra,  gilt  edges. 

Volcanoes  and  Earthquakes. 
Fully  Illustrated.  Crown  8vo.  2s,  6d, 
cloth  extra,  gilt  edges. 

Wild  Animals  of  the  Tropics. 
Fully  Illustrated.  Crown  8vo.  3^.  6d, 
cloth  extra,  gilt  edges. 

Klassall. — The  Inhalation  Treat- 
mentof  Diseases  of  the  Organs  of 
Respiration,  including  Consumption. 
By  Arthur  Hill  Hassall,  M.D. 
With  19  Illustrations  of  Apparatus.  Cr. 
8vo.  I2s.  6d, 

Haughton. —  Six  Lectures  on 
Physical  Geography,  delivered  in  1876, 
with  some  Additions.  By  the  Rev,  Samuel 
Haughton,  F.R.S.  M.D.  D.C.L.  With 
23  Diagrams.    8vo,  15^. 

Qavelock.  —  Memoirs  of  Sir 
Henry  Havelock,  K.C.B.  By  John 
Clark  Marshman.  Crown  8vo.  3^.  6t/. 


Hearn. — The  Government  of  Eng- 
land ;  its  Structure  and  its  Development. 
By  William  Edward  Hearn,  Q.C. 
8vo.  16^. 

Helmholtz. —  Works  by  Pro- 
fessor Helmholtz. 

On  the  Sensations  of  Tone  as  a 
Physiological  Basis  for  the  Theory 
of  Music.    Royal  8vo.  28j. 

Popular  Lectures  on  Scientific 
Subjects.  With  68  Woodcuts.  2  vols. 
Crown  8vo.  15^.  or  separately,  Ts.  6d.  each. 

Herschel. — Outlines  of  Astro- 
nomy. By  Sir  J.  F.  W.  Herschel, 
Bart.  M.A.  With  Plates  and  Diagrams. 
Square  crown  8vo.  12s. 

Hester's  Venture:  a  Novel.  By 

the  Author  of  'The  Atelier  du  Lys.' 
Crown  8vo.  2s.  6d. 

Hewitt.  —  The  Diagnosis  and 
Treatment  of  Diseases  of  Women, 
including  the  Diagnosis  of  Preg- 
nancy. By  Graily  Hewitt,  M.D. 
With  211  Engravings.    8vo.  24s. 

Historic  Towns.  Edited  by  E.  A. 
Freeman,  D.C.L.  and  Rev.  William 
Hunt,  M.A.  With  Maps  and  Plans. 
Crown  8vo.  3^-.  6d.  each. 
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Exeter.  By  E.  A.  Freeman. 
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Hobart. — Sketches  from  My  Life. 
By  Admiral  Hobart  Pasha.  With 
Portrait.    Crown  8vo.  Js.  6d. 

Hobart. — The  Medical  Language 
OF  St.  Luke:  a  Proof  from  Internal 
Evidence  that  St.  Luke's  Gospel  and  the 
Acts  were  written  by  the  same  person, 
and  that  the  writer  was  a  Medical  Man.  By 
the  Rev.  W.  K.  Hobart,  LL.D.  8vo.  i6s. 

Holmes. — A  System ^ of  Surgery, 

Theoretical  And  Practical,  in  Treatises  by 
various  Authors.  Edited  by  Timothy 
Holmes,  M.A.  and  J.  W.  Hulke, 
F.R.S.    3  vols,  royal  8vo.  £4.  4s. 

Homer. — The  Iliad  of  Homer, 
Homometrically  translated  by  C.  B.  Cay- 
LEY.    8vo.  12S.  6d. 

The  Iliad  of  Homer.  The  Greek 
Text,  with  a  Verse  Translation,  by  W.  C. 
Green,  M.A.  Vol.  I.  Books  I.-XII. 
Crown  8vo.  6s, 
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Hopkins. — Christ  the  Consoler; 

a  Book  of  Comfort  for  the  Sick.  By 
Ellice  Hopkins.    Fcp.  8vo.  2s.  6d. 

Howitt. —  Visits  to  Remarkable 
Places,  Old  Halls,  Battle-Fields,  Scenes 
illustrative  of  Striking  Passages  in  English 
History  and  Poetry.  By  William 
Howitt.  With  80  Illustrations  engraved 
on  Wood.    Crown  Svo.  7j.  (id. 

Hudson  &  Qoss^—The  Rotifera 
OR  '  Wheel- Animalcules.''  By  C.  T. 
Hudson,  LL.D.  and  P.  H.  GossE, 
F.R.S.  With  30  Coloured  Plates.  In  6 
Parts.  4to.  \os.  6d.  each.  Complete  in 
2  vols,  4to.  ^^3.  lOJ. 

H  llah. —  Works  by  John  Hul- 
LAH,  LL.D. 

Course  of  Lectures  on  the  His- 
tory of  Modern  Music.    Svo.  2>s.  6d. 

Course  of  Lectures  on  the  Tran- 
sition Period  op  Musical  History. 
Svo.  10s.  6d. 

Hume. — ThePhilosophical  Works 
of  David  Hume.  Edited  by  T.  H. 
Green,  M.A.  and  the  Rev.  T.  H. 
Grose,  M.A.  4  vols.  Svo.  565.  Or 
separately,  Essays,  2  vols.  2%s.  Treatise 
of  Human  Nature.    2  vols.  2Sj. 

In   the  Olden  Time :  a  Tale  of 

the  Peasant  War  in  Germany.  By  the 
Author  of  'Mademoiselle  Mori.'  Crown 
Svo.  2J.  dd. 

Ingelow. —  Works  by  Jean  Inge- 
low. 

Poetical  Works.    Vols,  i  and  2. 

Fcp.  Svo.  I2J-. 

Lyrical  and  Other  Poems.  Se- 
iected  from  the  Writings  of  Jean 
Ingelow.  Fcp.  Svo.  2s.  6d.  clothplain  ; 
y.  cloth  gilt. 

The  High  Tide  on  the  Coast  of 
Lincolnshire.  With  40  Illustrations, 
drawn  and  engraved  under  the  super- 
vision of  George  T.  Andrew.  Royal 
Svo.  los.  6d.  cloth  extra,  gilt  edges. 

Jackson. — Aid  to  Engineering 
Solution.  By  Lowis  D'A.  Jackson, 
C.E.  With  III  Diagrams  and  5  Wood- 
cut Illustrations.    Svo.  2ls, 


Jameson. —  Works  by  Mrs.  Jame- 
son. 

Legends  of  the  Saints  and  Mar- 
tyrs. With  19  Etchings  and  1S7  Wood- 
cuts.   2  vols.  3 1  J.  6d. 

Legends  of  the  Madonna,  the 
Virgin  Mary  as  represented  in  Sacred 
and  Legendary  Art.  With  27  Etchings 
and  165  Woodcuts,    i  vol.  21s. 

Legends  OF  THE  Monastic  Orders. 
With  II  Etchings  and  S8  Woodcuts. 
I  vol.  21S. 

His  TOR  Y  OF  the  Sa  vio  ur,  His  Types 
and  Precursors.  Completed  by  Lady 
Eastlake.  With  13  Etchings  and  281 
Woodcuts.    2  vols.  42J. 

Jeans. —  Works  by  J.  S.  Jeans. 

England's  Supremacy:  its  Sources, 
Economics,  and  Dangers.    Svo.  Sj-.  6d. 

Railway  Problems:  An  Inquiry 
into  the  Economic  Conditions  of  Rail- 
way Working  in  Different  Countries. 
Svo.  1 2 J.  6d. 

Johnson. — The  Patentee's  Man- 
ual ;  a  Treatise  on  the  Law  and  Practice 
of  Letters  Patent.  By  J.  Johnson  and 
J.  H.  Johnson.    Svo.  10s.  6d. 

Johnston. — A  General  Diction- 
ary of  Geography,  Descriptive,  Physi- 
cal, Statistical,  and  Historical  ;  a  com- 
plete Gazetteer  of  the  World.  By  Keith 
Johnston,    Medium  Svo.  421. 

Jordan.  —  Works   by  William 
Leighton  Jordan,  F.R.G.S. 

The  Ocean:  a  Treatise  on  Ocean 
Currents  and  Tides  and  their  Causes. 
Svo.  2\s. 

The  New  Principles  of  Natural 
Philosophy.  With  13  plates.  Svo.  2\s. 

The  Winds  :  an  Essay  in  Illustration 
of  the  New  Principles  of  Natural  Philo- 
sophy.   Crown  Svo.  2s. 

The  Standard  of  Value.  Crown 
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Jukes.—  Works  by  Andrew  Jukes. 
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Life.    Crown  Svo.  6s. 

The  Types  of  Genesis.  Crown 
Svo.  ^s.  6d. 
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Justinian. —  The  Institutes  op 
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Huschke,  with  English  Introduction, 
Translation,  Notes,  and  Summary.  By 
Thomas  C.  Sandars,  M.A.    8vo.  i8j. 
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Kalisch,  M.A. 
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Kant. —  Works  byEmmanuelKant. 
Critique  of  Practical  Reason. 

Translated  by  Thomas  Kingsmill  Abbott, 
B.D.    8vo.  \2s.  6d. 

Introduction  to  Logic,  and  his 
Essay  on  the  Mistaken  Subtilty 
OF  THE  Four  Figures.  Translated  by 
Thomas  Kingsmill  Abbott,  B.D.  With 
a  few  Notes  by  S.  T.  Coleridge.  8vo.  6s. 

Killick. —  Handbook  to  Mill^s 
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Kolbe. — A  Short  Text-book  of 
Inorganic  Chemistry.  By  Dr.  Her- 
mann Kolbe.  Translated  from  the 
German  by  T.  S.  Humpidge,  Ph.D. 
With  a  Coloured  Table  of  Spectra  and 
66  Illustrations.    Crown  8vo.  Js.  6d. 

Ladd.  —  Elements  of  Physiolo- 
gical Psychology:  a  Treatise  of  the 
Activities  and  Nature  of  the  Mind  from 
the  Physical  and  Experimental  Point  of 
View.  By  George  T.  Ladd,  With  113 
Illustrations  and  Diagrams.    8vo,  2ls. 

Lang. —  Works  by  Andrew  Lang. 

Letters  to  Dead  Authors.  Fcp. 

8vo.  6s.  6d. 
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Coloured  Plates  and  17  Illustrations.  Cr. 

8vo.  6^.  6d. 
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Latham,  M.A.  M.D.    Crown  8vo.  6s. 
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Liveing. —  Works  by  Robert  Live- 
ing,  M.A.  and  M.D.  Cantab. 

Handbook  on  Diseases  of  the 
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Notes  on  the  Treatment  of  Skin 
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Lloyd,  D.D.  D.C.L.    8vo.  los.  6d. 

Lloyd. — The  Science  of  Agricul- 
ture.   By  F.  J.  Lloyd.    8vo.  i2j-. 

Longman. — History  of  the  Life 
and  Times  of  Edward  IIL  By 
William  Longman,  F.S.A.  With 
9  Maps,  8  Plates,  and  16  Woodcuts.  2 
vols.  8vo.  28^. 

Longman. —  Works  by  Frederick 
W.  LoNGMAN,Balliol  College,  Oxon. 
Chess  Openings.    Fcp.  8vo.  2s.  6d. 

Frederick  the  Great  and  the 
Seven  Years'  War.  With  2  Coloured 
Maps.    8vo,  2s.  6d. 

A  New  Pocket  Dictionary  of 
the  German  and  English  Lan- 
guages,   Square  i8mo.  2s.  6d. 

Longman's  Magazine.  Published 

Monthly.    Price  Sixpence. 
Vols.  1-9,  8vo.  price  ^s.  each. 
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Longmore. —  Gunshot  iNyuRiEs  ; 

Their  History,  Characteristic  Features, 
Gomplications,  and  General  Treatment. 
By  Surgeon-General  Sir  T.  Longmore, 
C.B.,  F.R.C.S.  With  58  Illustrations. 
8vo.  3 1  J.  6d. 

Loudon. —  Works  by  J.  C.  Loudon, 
F.L.S. 

Encyclopedia  of  Gardening  ; 
the  Theory  and  Practice  of  Horticulture, 
Floriculture,  Arboriculture,  and  Land- 
scape Gardening.  With  1,000  Woodcuts. 
8vo.  2 1  J. 

Encyclopedia  of  Agriculture  ; 
the  Laying-out,  Improvement,  and 
Management  of  Landed  Property ;  the 
Cultivation  and  Economy  of  the  Produc- 
tions of  Agriculture.  With  I,  loo  Wood- 
cuts.   8vo.  2 1  J. 

Encyclopedia  of  Plants;  the 
Specific  Character,  Description,  Culture, 
History,  &c.  of  all  Plants  found  in  Great 
Britain.  With  12,000  Woodcuts.  8vo.  42^-. 

Lubbock. — The  Origin  of  Civili- 
zation and  THE  Primitive  Condition 
OF  Man.  By  Sir  J.  Lubbock,  Bart. 
M.P.  F.R.S.  With  Illustrations.  8vo. 
i8j. 

Lyra  Germanica  ;  Hymns  Trans- 
lated from  the  German  by  Miss  C. 

WiNKWORTH.     Fcp.  8vO.  $S. 

Macalister. —  An  Introduction 
to  the  Systematic  Zoology  and 
Morphology  of  Vertebrate  Ani- 
mals. By  A.  Macalister,  M.D. 
With  28  Diagrams.    8vo.  los.  6d. 

Macaulay. —  Works  and  Life  of 
Lord  Ma  ca  ula  y. 

History  of  England  from  the 

Accession  of  James  the  Second: 
Student's  Edition,  2  vols,  crown  8vo.  12s. 
People's  Edition,  4  vols,  crown  8vo.  16^. 
Cabinet  Edition,  8  vols,  post  8vo.  485. 
Library  Edition,  5  vols.  8vo. 

Critical  and  Historical  Ess  a  k?, 
with  Lays  of  Ancient  Rome,  in  i 
volume  : 

Authorised  Edition,  crown  8vo.  2s,  6d.  or 

y.  6d.  gilt  edges. 
Popular  Edition,  crown  8vo.  2s.  6d. 

Critical  and  Historical  Essays: 

Student's  Edition,  i  vol.  crown  8vo.  6s. 
People's  Edition,  2  vols,  crown  8vo.  8j-. 
Cabinet  Edition,  4  vols,  post  8vo.  24?. 
Library  Edition,  3  vols.  8vo.  36J. 


Macaulay — Works  and  Life  of 
Lord  Macaulay— continued. 
Essays  which  may  be  had  separ- 
ately price  (>d.  each  sewed,  \s.  each  cloth : 

Addison  and  Walpole. 

Frederick  the  Great. 

Croker's  Boswell's  Johnson, 

Hallam's  Constitutional  History. 

Warren  Hastings,    (^d.  sewed,  dd.  cloth.) 

The  Earl  of  Chatham  (Two  Essays). 

Ranke  and  Gladstone. 

Milton  and  Machiavelli. 

Lord  Bacon. 

Lord  Clive. 

Lord  Byron,  and  The  Comic  Dramatists  of 
the  Restoration. 


The  Essay  on  Warren  Hastings  annotated 

by  S.  Hales,  \s.  6d. 
The   Essay  on  Lord  Clive  annotated  by 

H.  Courthope  Bowen,  M.A.  zs.  6d. 

Speeches : 

People's  Edition,  crown  8vo.  3J.  6d. 

Miscellaneous  Writings: 
Library  Edition,  2  vols.  8vo.  zis. 
People's  Edition,  i  vol.  crown  8vo.  4J.  6d. 

La  ys  OF  Ancient  Pome, 
Illustrated  by  G.  Scharf,  fcp.  4to.  lOj.  6d. 
■  Popular  Edition, 

fcp.  4to.  6d.  sewed,  is.  cloth. 
Illustrated  by  J.  R.  Weguelin,  crown  8vo. 

y.  6d.  cloth  extra,  gilt  edges. 
Cabinet  Edition,  post  8vo.  y.  6d. 
Annotated  Edition,  fcp.  8vo.   is.  sewed, 

IS.  6d.  cloth,  or  2s.  6d,  cloth  extra,  gilt 

edges. 

Selections  from  the  Writings 
OF  Lord  Macaulay.  Edited,  with  Oc- 
casional Notes,  by  the  Right  Hon.  Sir 
G.  O.  Trevelyan,  Bart.  Crown  8vo.  6s. 

Miscellaneous    Writings  and 

Speeches : 
Student's  Edition,  in  One  Volume,  crown 
8vo.  6s. 

Cabinet  Edition,  including  Indian  Penal 
Code,  Lays  of  Ancient  Rome,  and  Mis- 
cellaneous Poems,  4  vols,  post  8vo.  24r. 

The  Complete  Works  of  Lord 
Macaulay.  Edited  by  his  Sister,  Lady 
Trevelyan. 

Library  Edition,  with  Portrait,  8  vols, 
demy  8vo.  ;^5.  5^. 

Cabinet  Edition,  16  vols,  post  8vo.  l6s. 

The  Life  and  Letters  of  Lord 
Macaulay.  By  the  Right  Hon.  Sir 
G.  O.  Trevelyan,  Bart. 

Popular  Edition,  i  vol.  crown  8vo.  6s. 

Cabinet  Edition,  2  vols,  post  8vo.  I2J'. 

Library  Edition,  2  vols.  8vo.  36^. 
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Macdonald. —  Works  bv  George 
Macdonald,  LL.D. 

Unspoken  Sermons.  First  Series, 
Crown  8vo.  y.  6d. 

Unspoken  Sermons.  Second  Series. 
Crown  8vo.  3J.  6d. 

The  Miracles  of  Our  Lord. 
Crown  8vo.  3^.  6d. 

A  Book  of  Strife,  in  the  form 

OF  The  Diary  of  an  Old  Soul: 
Poems.    i2mo.  6^. 

Macfarren.  —  Lectures  on  Har- 
mony, delivered  at  the  Royal  Institution. 
By  Sir  G.  A.  Macfarren.    8vo.  12s. 

"M-dLzX^oA— Works  by  Henry  D. 
Macleod,  M.A. 

Principles  of  Economical  Philo- 
sophy. In  2  vols.  Vol.  I.  8vo.  i5j-. 
Vol.  II.  Part  i.  \2.s. 

The  Elements  of  Economics.  In 
2  vols.  Vol.  I,  crown  8vo.  7j.  dd.  Vol. 
II.  Part  r,  crown  8vo.  7j.  6^/. 

The  Elements  of  Banking. 
Crown  8vo.  5^. 

The  Theory  and  Practice  of 
Banking.  Vol.  I.  8vo.  J2j.  Vol.  II.  14^. 

McCulloch.  —  The  Dictionary 
OF  Commerce  and  Commercial  Navi- 
gation of  the  late  J.  R.  McCulloch, 
of  H.M.  Stationery  Office.  Latest  Edi- 
tion, containing  the  most  recent  Statistical 
Information  by  A.  J.  Wilson,  i  vol. 
medium  8vo.  with  1 1  Maps  and  30  Charts, 
price  63J.  cloth,  or  70J.  strongly  half- 
bound  in  russia. 

Mademoiselle  Mori :  a  Tale  of 

Modern  Rome.  By  the  Author  of  '  The 
Atelier  du  Lys.'    Crown  8vo.  2s.  6d. 

,Mahaffy. — A  History  of  Clas- 
siCAL  Greek  Literature.  By  the  Rev. 
J.  P.  Mahaffy,  M.A.  Crown  8vo. 
Vol.  I.  Poets,  ^s.  6d.  Vol.  II.  Prose 
Writers,  "js.  6d. 

Malmesbury.  —  Memoirs  of  an 
Ex-Minister  :  an  Autobiography.  By 
the  Earl  of  Malmesbury,  G.  C.  B.  Crown 
8vo.  Js.  6d. 

i  Manningf.— 7]^^  Temporal  Mis- 
siONOF  THE  Holy  Ghost;  or.  Reason 
and  Revelation.  By  H.  E.  Manning, 
D.D.  Cardinal-Archbishop.  Crown  8vo, 
Ss,  (3d, 


Martineau—  Works    by  James 
Martineau,  D.D. 

Hours  of  Thought  on  Sacred 
Things.  Two  Volumes  of  Sermons. 
2  vols,  crown  8vo.  7^.  6d.  each. 

Endeavours  AFTER  the  Christian 
Life.    Discourses.    Crown  8vo.  "js.  6d, 

Maunder's  Treasuries. 

Biographical  Treasury.  Recon- 
structed, revised,  and  brought  down  to 
the  year  1882,  by  W,  L.  R.  Gates. 
Fcp.  8vo.  6s. 

Treasury  of  Natural  History; 

or.  Popular  Dictionary  of  Zoology.  Fcp. 
8vo.  with  900  Woodcuts,  6s. 

Treasury  OF  Geography,  Physical, 
Historical,  Descriptive,  and  Political. 
With  7  Maps  and  16  Plates.   Fcp.  8vo.  6s. 

Historical  Treasury:  Outlines  of 
Universal  History,  Separate  Histories  of 
all  Nations.  Revised  by  the  Rev.  Sir  G. 
W.  Cox,  Bart.  M.A.    Fcp.  8vo.  6s. 

Treasury  of  Knowledge  and 
Library  of  Reference.  Comprising 
an  English  Dictionary  and  Grammar, 
Universal  Gazetteer,  Classical  Dictionary, 
Chronology,  Law  Dictionary,  &c.  Fcp. 
8vo.  6s. 

Scientific  and  Literary  Trea- 
sury: a  Popular  Encyclopaedia  of  Science, 
Literature,  and  Art.    Fcp.  8vo.  6s. 

The  Treasury  of  Bible  Know- 
ledge; being  a  Dictionary  of  the  Books, 
Persons,  Places,  Events,  and  other  matters 
of  which  mention  is  made  in  Holy  Scrip- 
ture. By  the  Rev.  J.  Ayre,  M.A.  With 
5  Maps,  15  Plates,  and  300  Woodcuts. 
Fcp.  8vo.  6s. 

The  Treasury  of  Botany,  or 
Popular  Dictionary  of  the  Vegetable 
Kingdom.  Edited  by  J.  Lindley,  F.  R.  S. 
and  T.  Moore,  F.L.S.  With  274  Wood- 
cuts and  20  Steel  Plates.     Two  Parts, 

fcp.  8vO.  125. 

May.—  Works  by  the  Bight  Hon. 
Sir  Thomas Erskine Ma  y,  K.  C.B. 

The  Constitutional  History  of 
England  since  the  Accession  of 
George  JIL  1760-1870.  3  vols,  crown 
8vo.  i8j-. 

Democracy  IN  Europe;  a  History. 
2  vols.  8vo.  32s. 
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Melville. — Novels  by  G.J.  Whyte 

Melville.  Crown  8vo.  \s.  each,  boards; 
\s.  6d.  each,  cloth. 
The  Gladiators.  Holmby  House. 

The  Interpreter,  Kate  Coventry. 

Good  for  Nothing.         Digby  Grand. 
The  Queen's  Maries.      General  Bounce. 

Mendelssohn.— :r/f5  Letters  of 
Felix  Mendelssohn.  Translated  by 
Lady  Wallace.   2  vols,  crown  8vo,  los. 

Merivale. —  Works  by  the  Very 
Rev.  Charles  Merivale^  D.D. 
Dean  of  Ely. 

History  of  the  Romans  under 
THE  Empire.    8  vols,  post  8vo.  485, 

The  Fall  of  the  Roman  Repub- 
lic :  a  Short  History  of  the  Last  Century 
turyofthe  Commonwealth,  i2mo,  7j,  6^/, 

General  History  of  Rome  from 
B.C.  753  TO  A.D.  476,   Crown  8vo,  ^s.  6d. 

The  Roman  Triumvirates.  With 
Maps.    Fcp.  8vo.  2s.  6d. 

Analysis  of  the  Pheno- 
mena OF  the  Human  Mind.  By 
James  Mill.  With  Notes,  Illustra- 
tive and  Critical.    2  vols.  8vo.  28^. 

yiiW  — Works  by  John  Stuart 
Mill. 

Principles  of  Political  Economy. 

Library  Edition,  2  vols.  8vo.  30J, 

People's  Edition,  l  vol.  crown  8vo,  $s. 
A  System  of  Logic,  Ratiocinative 

and  Inductive.    Crown  8vo.  5^. 
On  Liberty.    Crown  8vo.  is. 
O N  Representa  tive  Go  vernment. 

Crown  8vo.  2J. 
Autobiography.  8vo.  7^.  (>d. 
Utilitarianism.    8vo.  5^. 
The  Subjection  OF  Women.  Crown 

8vo.  6^. 

Examination  of  Sir  William 
Hamilton's  Philosophy.    8vo.  i6j. 

Nature,  THE  Utility  of  Religion, 
AND  Theism.    Three  Essays.    8vo.  5j. 

Miller.—  Works  by   W.  Allen 
Miller,  M.D.  LL.D. 
The  Elements  of  Chemistry, 

Theoretical  and  Practical.  Re-edited, 
with  Additions,  by  H.  MACLEOD,  F.C.S. 
3  vols.  8vo. 

Vol.    I.  Chemical  Physics,  i6j. 

Vol.  II.  Inorganic  Chemistry,  24J. 

Vol.  HI.  Organic  Chemistry,  3IJ.  (>d. 
An  Introduction  to  the  Study 
OF  Inorganic  Chemistry.   With  71 
Woodcuts.    Fcp.  8vo.  35.  6d. 


Mitchell. — A  Manual  of  Prac- 
tical Assaying.  By  John  Mitchell, 
F.C.S.  Revised,  with  the  Recent  Dis- 
coveries incorporated.  By  W.  Crookes, 
F.R.S,    8vo,  Woodcuts,  3IJ,  6d. 

Molesworth.  —  Marrying  and 
Giving  in  Marriage:  a  Novel.  By 
Mrs.  Molesworth.    Fcp,  8vo.  2s.  6d. 

Monsell. —  Works  by  the  Rev. 
J  S.  B.  Monsell,  LL.D. 

Spiritual  Songs  for  the  Sun- 
days AND  HOLYDAYS  THROUGHOUT  THE 
Year.    Fcp.  8vo,        i8mo,  2s. 

The  Bea  titudes.  Eight  Sermons, 
Crown  8vo,  3J.  dd. 

His  Presence  not  His  Memory. 
Verses,  i6mo,  \s. 

Mulhall. — HisTOR  y  of  Prices  since 
THE  Year  1850,  By  Michael  G. 
Mulhall.    Crown  8vo.  6s. 

Miiller.  —  Works    by   F.  Max 

MULLER,  M.A. 

Biographical  Ess  a  ys.  Crown  8vo. 
7j.  dd. 

Selected  Essays  on  Language, 
Mythology  and  Religion.  2  vols, 
crown  8vo,  i6s. 

Lectures  on  the  Science  of  Lan- 
guage.   2  vols,  crown  8vo.  \6s. 

India,  What  Can  it  Teach  Us? 
A  Course  of  Lectures  delivered  before  the 
University  of  Cambridge.     8vo,  I2j-.  6d. 

HiBBERT  Lectures  on  the  Origin 
AND  Growth  of  Religion,  as  illus- 
trated by  the  Religions  of  India,  Crown 
8vo,  7j,  6d. 

Introduction  to  the  Science  of 
Religion:  Four  Lectures  delivered  at  the 
Royal  Institution.    Crown  8vo,  Ts.  6d. 

.  The  Science  of  Thought.  8vo,  2  is. 

A  Sanskrit  Grammar  for  Be- 
ginners. New  and  Abridged  Edition, 
accented  and  transliterated  throughout, 
with  a  chapter  on  Syntax  and  an  Ap- 
pendix on  Classical  Metres,  By  A.  A. 
MacDonell, M.A. Ph.D.  Crown8vo.6^. 

Murchison. —  Works  by  Charles 
MuRCHisoN,  M.D.  LL.D.  b'c. 

A  Treatise  on  the  Continued 
Fevers  of  Great  Britain.  Revised 
by  W.  Cayley,  M.D.  Physician  to  the 
Middlesex  Hospital.  8vo.  with  numerous 
Illustrations,  25^. 

Clinical  Lectures  on  Diseases 
of  the  Liver,  Jaundice,  and  Abdom- 
inal Dropsy.  Revised  by  T.  Lauder 
Brunton,  M.D.  and  Sir  Joseph  Fayrer, 
M.D.    8vo.  with  43  Illustrations,  24^. 
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Napier. — The  Life  of  Sir  Joseph 
Napier,  Bart.  Ex-Lord  Chancellor 
OF  Ireland.  From  his  Private  Corre- 
spondence. By  Alex.  Charles  Ewald, 
F.  S.  A.  With  Portrait  on  Steel,  engraved 
by  G.  J.  Stodart,  from  a  Photograph. 
8vo.  15^-. 

Nelson. — Letters  andDespa  tches 
OF  Horatio,  Viscount  Nelson.  Selected 
and  arranged  by  John  Knox  Laughton, 
M.A.    8vo,  16s. 

Nesbit. — Lays  and  Legends.  By 
E.  Nesbit.    Crown  8vo.  5^. 

New  Testament  (The)  of  our 

Lord  and  Saviour  Jesus  Christ.  Illus- 
trated with  Engravings  on  Wood  after 
Paintings  by  the  Early  Masters.  4to.  2ij. 
cloth  extra. 

Newman. —  Works  by  Cardinal 
Newman. 

Apologia  pro  VitA  SuA.  Crown 
8vo,  6s. 

The  Idea  of  a  University  defined 
AND  illustrated.    Crown  8vo.  7j. 

Historical  Sketches,  3  vols, 
crown  8vo,  6^.  each. 

Discussions  and  Arguments  on 
Various  Subjects.    Crown  8vo.  6s. 

AnJEssa  y  on  the  Development  of 
Christian  Doctrine.    Crown  8vo.  6s. 

Certain  Difficulties  felt  by 
Anglicans  in  Catholic  Teaching 
Considered.  Vol.  i,  crown  8vo.  7^-.  6d.; 
Vol.  2,  crown  8vo.  5j.  6d. 

The  Via  Media  of  the  Anglican 
Church,  illustrated  in  Lectures 
dfC.    2  vols,  crown  8vo.  6s.  each. 

Essays,  Critical  and  Historical. 
2  vols,  crown  8vo.  12s. 

Essays  on  Biblical  and  on  Eccle- 
siastical Miracles.    Crown  8vo.  6^. 

An  Essay  in  Aid  of  a  Grammar 
OP  Assent,   ys.  6d, 

Noble. — Hours  with  a  Three-inch 
Telescope.  By  Captain  W.  Noble, 
r.R.A.S.  &c.  With  a  Map  of  the  Moon. 
Crown  8vo.  4^.  6d, 

Northcott. —  Lathes  and  Turn- 
ing, Simple,  Mechanical,  and  Ornamen- 
tal. By  W.  H.  Northcott.  With  338 
Illustrations.    8vo.  i8j. 


O^'UdL^dLO..— Selected  Speeches  and 
Arguments  of  the  Right  Hon. 
Thomas  Baron  CHagan.  Edited  by 
George  Teeling.  8vo.  i6s. 

Oliphant. — Novels  by  Mrs.  Oli- 
phant. 

Madam.  Crown  8vo.  is.  boards ; 
is.  6d.  cloth. 

In  Trust. — Crown  8vo.  is.  boards; 
IS.  6d.  cloth. 

Outlines  of   Jewish  History. — 

From  B.C.  586  to  C.E.  1885.  By  the 
Author  of  '  About  the  Jews  since  Bible 
Times.'  Revised  by  M.  Friedlander, 
Ph.D.  With  3  Maps.  Crown  8vo.  3^.  6d. 

Overton. — Life  in  the  English 
Church  {1660-i'ji^).  ByJ.  H.Over- 
ton, M.A.  Rector  of  Epworth.  8vo.  14^. 

Owen.  —  The  Comparative  Ana- 
tomy AND  Physiology  of  the 
Vertebrate  Animals.  By  Sir 
Richard  Owen,  K.C.B.  &c.  With  1,472 
Woodcuts.    3  vols.  8vo.  ^^3.  13^.  6d. 

Paget.  —  Works  by  Sir  James 
Paget,  Bart.  F.H.S.  D.C.L.  &-c. 

Clinical  Lectures  and  Essays. 
Edited  by  F.  Howard  Marsh,  Assistant- 
Surgeon  to  St.  Bartholomew's  Hospital. 
8vo.  1 5 J. 

Lectures  on  Surgical  Patho- 
logy. Re-edited  by  the  Author  and 
W.  Turner,  M.B.  8vo.  with  131 
Woodcuts,  21^. 

Pasteur. — Louis  Pasteur,  his  Life 
and  Labours.  By  his  Son-in-Law. 
Translated  from  the  French  by  Lady 
Claud  Hamilton.   Crown  8vo.  7j.  6d. 

Payen. — Industrial   Chemistry  ; 

a  Manual  for  Manufacturers  and  for  Col- 
leges or  Technical  Schools ;  a  Translation 
of  Payen's  *  Precis  de  Chimie  Indus- 
trielle.'  Edited  by  B.  H.  Paul.  With 
698  Woodcuts.    Medium  8vo.  42J-. 

Payn. — Novels  by  James  Payn. 

TheLuckoftheDarrells.  Crown 
8vo.  IS.  boards ;  \s.  6d.  cloth. 

Thicker  than  Wa  ter.  Crown  8vo. 
xs.  boards  ;  \s.  6d.  cloth. 

Pears. — The  Fall  of  Constanti- 
nople: being  the  Story  of  the  Fourth 
Crusade.  By  Edwin  Pears,  LL.B. 
Barrister-at-Law,  late  President  of  the 
European  Bar  at  Constantinople,  and 
Knight  of  the  Greek  Order  of  the 
Saviour.    8vo.  16^. 
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Perring. — Hard  Knots  in  Shakes- 
peare. By  Sir  Philip  Perring,  Bart. 
8vo.  "js.  bd. 

Piesse. — The  Art  of  Perfumery, 
and  the  Methods  of  Obtaining  the  Odours 
of  Plants ;  with  Instructions  for  the 
Manufacture  of  Perfumes,  &c.  By  G. 
W.  S.  Piesse,  Ph.D.  F.C.S.  With 
96  Woodcuts,  square  crown  8vo.  2\s. 

Pole. — The  Theory  of  the  Mo- 
dern Scientific  Game  op  Whist. 
By  W.  Pole,  F.R.S.    Fcp.  8vo.  2s.  6d. 

Proctor. —  Works  by  R.  A.  Proc- 
tor. 

The  Sun;  Ruler,  Light,  Fire,  and 
Life  of  the  Planetary  System.  With 
Plates  and  Woodcuts,    Crown  8vo.  14J. 

The  Orbs  Around  Us  ;  a  Series  of 
Essays  on  the  Moon  and  Planets,  Meteors 
and  Comets.  With  Chart  and  Diagrams, 
crown  8vo,  5^. 

Other  Worlds  than  Ours  ;  The 
Plurality  of  Worlds  Studied  under  the 
Light  of  Recent  Scientific  Researches. 
With  14  Illustrations,  crown  8vo.  5j. 

The  Moon  ;  her  Motions,  Aspects, 
Scenery,  and  Physical  Condition.  With 
Plates,  Charts,  Woodcuts,  and  Lunar 
Photographs,  crown  Svo.  ds. 

Universe  of  Stars;  Presenting 
Researches  into  and  New  Views  respect- 
ing the  Constitution  of  the  Heavens. 
With  22  Charts  and  22  Diagrams,  Svo. 
\os.  6d. 

Larger  Star  Atlas  for  the  Library, 
in  12  Circular  Maps,  with  Introduction 
and  2  Index  Pages.  Folio,  i^s.  or  Maps 
only,  1 2 J.  6d. 

New  Star  Atlas  for  the  Library, 
the  School,  and  the  Observatory,  in  12 
Circular  Maps  (with  2  Index  Plates). 
Crown  Svo.  sj. 

Light  Science  for  Leisure  Hours; 

Familiar  Essays  on  Scientific  Subjects, 
Natural  Phenomena,  &c.  3  vols,  crown 
Svo.  5J-.  each. 

Chance  and  Luck ;  a  Discussion  of 
the  Laws  of  Luck,  Coincidences,  Wagers, 
Lotteries,  and  the  Fallacies  of  Gambling 
&c.    Crown  Svo.  5^. 

Studies  of  Venus-Transits ;  an 
Investigation  of  the  Circumstances  of  the 
Transits  of  Venus  in  1874  and  1882. 
With  7  Diagrams  and  10  Plates.    Svo.  5j. 


The  'KNOWLEDGE'  LIBRARY.  Edi- 

ted  by  Richard  A.  Proctor. 

How  TO  Play  Whist:  with  the 
Laws  and  Etiquette  of  Whist. 
By  R.  A.  Proctor.    Crown  Svo.  5^. 

Home  Whist:  an  Easy  Guide  to 
CorrectPlay.  By R. A. Proctor.  i6mo.ij. 

The  Poetry  of  Astronomy.  A 
Series  of  Familiar  Essays.  By  R.  A. 
Proctor.    Crown  Svo.  6s. 

Nature  Studies.  By  Grant  Allen, 
A.  Wilson,  T.  Foster,  E.  Clodd,  and 
R.  A.  Proctor.    Crown  Svo.  6s. 

Leisure  Readings.  By  E.  Clodd, 
A.Wilson,  T.  Foster,  A.  C.  Runyard, 
and  R.  A.  Proctor.    Crown  Svo.  6s. 

The  Stars  in  their  Seasons. 
An  Easy  Guide  to  a  Knowledge  of  the 
Star  Groups,  in  12  Large  Maps.  By  R, 
A.  Proctor.  Imperial  Svo.  5^-. 

Star  Primer.  Showing  the  Starry 
Sky  Week  by  Week,  in  24  Hourly  Maps. 
By  R.  A.  Proctor.    Crown  4to.  2s.  6d. 

The  Seasons  Pictured  in  48  Sun- 
Views  of  the  Earth,  and  24  Zodiacal 
'  Maps,  &c.    By  R.  A.  Proctor.  Demy 
4to.  SJ-. 

Strength  and  Happiness.  By 
R.  A.  Proctor.   Crown  Svo.  5^. 

Rough  Wa  ys  Made  Smooth.  Fami- 
liar Essays  on  Scientific  Subjects.  By 
R.  A.  Proctor.    Crown  Svo.  6s. 

Our  Place  Among  Infinities.  A 
Series  of  Essays  contrasting  our  Little 
Abode  in  Space  and  Time  with  the  Infi- 
nities Around  us.  By  R.  A,  Proctor. 
Crown  Svo.  5^. 

The  Expanse  of  He  a  ven.  Essays 
on  the  Wonders  of  the  Firmament.  By 
R.  A.  Proctor.    Crown  Svo.  5J. 

Pleasant  Ways  in  Science.  By 
R.  A.  Proctor.    Crown  Svo.  6s. 

Myths  and  Marvels  of  Astro- 
nomy. By  R.  A.  Proctor.  Cr.  Svo.  6s. 

Pryce.  —  The  Ancient  British 
Church  :  an  Historical  Essay.  By  John 
Pryce,  M.  A.  Canon  of  Bangor.  Crowu 
Svo.  6^-. 

Quain's  Elements  of  Anatomy. 

The  Ninth  Edition.  Re-edited  by  Allen 
Thomson,  M.D.  LL.D.  F.R.S.S.  L.  &  E. 
Edward  Albert  Schafer,  F.R.S.  and 
George  Dancer  Thane.  With  up- 
wards of  1,000  Illustrations  engraved  on 
Wood,  of  which  many  are  Coloured. 
2  vols.  Svo.  i8j.  each. 


PUBLISHED  Br  Mess.hs:  Lo.vgmans;  Gruen,  Co. 
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Quain. — A  Dictionary  of  Medi- 
cine. By  Various  Writers.  Edited  by  R. 
Quain,  M.D.  F.R.S.  &c.  With  138 
Woodcuts.  Medium  8vo.  31^.  6d.  cloth, 
or  4af.  half-russia ;  to  be  had  also  in 
2  vols.  34J.  cloth. 

Reader. —  Works  by  Emily  E. 
Reader. 

The  Ghost  of  Brankinshaw  and 
other  Tales.  With  9  Full-page  Illustra- 
tions. Fcp.  8vo.  2s.  6d.  cloth  extra,  gilt 
edges. 

Voices   from   Flower-Land,  in 

Original  Couplets.  A  Birthday-Book  and 
Language  of  Flowers.  16010.2^.6^/.  limp 
cloth  ;  3J-.  6d.  roan,  gilt  edges,  or  in  vege- 
table vellum,  gilt  top. 

Fairy  Prince  Follow-my-Lead  ; 
or,  the  Magic  Bracelet.  Illustrated 
by  Wm.  Reader.  Crown  8vo.  2s.  6d. 
gilt  edges ;  or  3^-.  6d.  vegetable  vellum, 
gilt  edges. 

The  Three  Giants  Royal 

i6mo.  is,  cloth. 

The  Model  Boy  6-«r.  Royal  i6mo. 

is.  cloth. 

Be  Yt  Hys  who  Fynds  Yt.  Royal 
i6mo.  is.  cloth. 

Reeve.  —  Cookery  and  House- 
keeping. By  Mrs.  Henry  Reeve.  With 
8  Coloured  Plates  and  37  Woodcuts. 
Crown  8vo.  Is.  6d. 

Rich. — A  Dictionary  of  Roman 
AND  Greek  Antiquities.  With  2,000 
Woodcuts.  By  A.  Rich,  B.A.  Cr.  8vo. 
^s.  6d. 

Richardson. —  Works  by  Benjamin 
Ward  Richardson,  M.D. 

■  The  Health  of  Na  tions  :  a  Review 

of  the  Works— Economical,  Educational, 
Sanitary,  and  Administrative — of  Edwin 
Chadwick,  C.B.  With  a  Biographical 
Dissertation  by  Benjamin  Ward  Rich- 
ardson, M.D.  F.R.S.  2  vols.  8vo.  28^-. 
The  Commonhealth :  a  Series  of 
Essays  on  Health  and  Felicity  for  Every- 
Day  Readers.    Crown  8vo.  6s. 

I  Riley. — Athos,  or  the  Mountain 
OF  THE  Monks.  By  Athelstan  Riley. 
With  Map  and  numerous.  Illustrations. 
8vo. 

;  Rivers.  —  Works    by  Thomas 

■  Rivers. 

The  Orchard-House.  With  25 
Woodcuts.   Crown  8vo.  5^. 

The  Miniature  Fruit  Garden; 
or,  the  Culture  of  Pyramidal  and  Bush 
Fruit  Trees,  with  Instructions  for  Root 
Pruning,  With  32  Illustrations.  Fcp. 
ovo.  4f. 


Robinson.  -—  The  New  Arcadia, 
and  other  Poems.  By  A.  Mary  F. 
Robinson.    Crown  8vo.  ds. 

Roget.  —  Thesaurus  of  English 
Words  and  Phrases,  Classified  and 
Arranged  so  as  to  facilitate  the  Expression 
of  Ideas  and  assist  in  Literary  Com- 
position. By  Peter  M.  Roget.  Crown 
8vo.  iQs.  6d. 

Ronalds.  —  The  Fly-Fisher's 
Entomology.  By  Alfred  Ronalds. 
With  20  Coloured  Plates.    8vo.  I4J-. 

Saintsbury. — Manchester  a  Short 

History.  By  George  Saintsbury.  With 
2  Maps.    Crown  8vo.  3^-.  6d. 

Schafer.  —  The  Essentials  of 
Histology,  Descriptive  and  Practi- 
cal. For  the  use  of  Students.  By  E. 
A.  Schafer,  F.R.S.  With  281  Illus- 
trations. 8vo.  6s.  or  Interleaved  with 
Drawing  Paper,  8j.  6d. 

Schellen.  —  Spectrum  Analysis 
IN  ITS  Application  to  Terrestrial 
Substances,  and  the  Physical  Constitu- 
tion of  the  Heavenly  Bodies.  By  Dr. 
H.  Schellen.  Translated  by  Jane  and 
Caroline  Lassell.  Edited  by  Capt. 
W.  De  W.  Abney.  ■  With  14  Plates 
(including  Angstrom's  and  Cornu's  Maps) 
and  291  Woodcuts.    8vo.  31J.  6d. 

Seebohm. —  Works  by  Frederic 
Seebohm. 

The  Oxford  Reformers  — John 
CoLET,  Erasmus,  and  Thomas  More; 
a  History  of  their  Fellow- Work.  8vOi  14J, 

The  English  Village  Community 
Examined  in  its  Relations  to  the  Manorial 
and  Tribal  Systems,  &c,  13  Maps  and 
Plates.    8vo.  i6s. 

TheEra  of  the  Protestant  Revo- 
lution.   With  Map.    Fcp.  8vo.  2s.  6d 

Sennett.  —  The  Marine  Steam 
Engine  ;  a  Treatise  for  the  use  of  Engi- 
neering Students  and  Officers  of  the 
Royal  Navy.  By  Richard  Sennett, 
Engineer-in-Chief  of  the  Royal  Navy. 
With  244  Illustrations.    8vo.  21s. 

Sewell.  —  Stories  and  Tales. 
By  Elizabeth  M.  Sewell.  Crown  8vo. 
IS.  each,  boards ;  is.  6d.  each,  cloth  plain ; 
2s,  6d.  each,  cloth  extra,  gilt  edges  :  — 


Amy  Herbert 
The  Earl's  Daughter. 
The  Experience  of  Life. 
A  Glimpse  of  the  World. 
Cleve  Hall. 
Katharine  Ashton, 


Margaret  Percival. 

Laneton  Parsonage. 

Ursula. 

Gertrude. 

Ivors. 
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Shakespeare.  —  Bowdler's  Fa- 
mily Shakespeare.  Genuine  Edition, 
in  I  vol.  medium  8vo.  large  type,  with 
36  Woodcuts,  14J.  or  in  6  vols.  fcp.  8vo. 
2 1  J. 

Outlines  of  the  Life  op  Shake- 
speare. By  J,  O.  Halliwell-Phil- 
LiPPS,  F.R.S.  2  vols.  Royal  8vo. 
lOJ.  (id. 

Shilling  Standard  Novels. 

By  the  Earl  of  Beaconsfield. 

Vivian  Grey.         The  Young  Duke,  &c. 

Venetia.  Contarini  Fleming,  &c. 

Tancred.  Henrietta  Temple. 

Sybil.  Lothair. 

Coningsby.  Endymion. 

Alroy,  Ixion,  &c. 
Price  IJ.  each,  boards ;  i^.      each,  cloth. 

By  G.J.  Whyte-Melville. 


The  Gladiators 
The  Interpreter. 
Good  for  Nothing. 
Queen's  Maries, 


Holmby  House. 
Kate  Coventry. 
Digby  Grand. 
General  Bounce. 


Price  \s.  each,  boards ;  i^.  M.  each,  cloth. 


By  Elizabeth  M.  Sewell. 

AGlimpse  of  theWorld. 
Ivors. 

Katharine  Ashton, 


Amy  Herbert. 
Gertrude. 
Earl's  Daughter. 

The  Experience    Margaret  Percival. 

of  Life.  Laneton  Parsonage. 

Cleve  Hall.  Ursula. 
Price  \s.  each,  boards  ;  \s.  6d.  each,  cloth, 
plain ;  2s.  6d.  each,  cloth  extra,  gilt  edges. 

By  Anthony  Trollope. 

The  Warden.       |  Barchester  Towers. 
Price  \s.  each,  boards ;  is.  6d.  each,  cloth. 

By  Bobert  Louis  Stevenson. 

The  Dynamiter. 

Strange  Case  of  Dr.  Tekyll  and  Mr.  Hyde. 
Price  is.  each,  sewed  ;  is.  6d.  each,  cloth. 

By  Bret  Harte. 

In  the  Carquinez  Woods,    is.  boards ; 

is.  6d.  cloth. 
On  the  Frontier  (Three  Stories),  is.  sewed. 
By  Shore  and  Sedge  (Three  Stories),  is. 

sewed. 

By  Mrs.  Oliphant. 
In  Trust.  |  Madam. 

By  James  Payn. 

Thicker  than  Water. 

The  Luck  of  the  Darrells. 
Price  IJ.  each,  boards  ;  is.  bd,  each,  cloth. 


Short. — Sketch  op  the  History 
OP  THE  Church  op  England  to  the 
Revolution  op  1688.  By  T.  V.  Short, 
D.D.    Crown  8vo.  ^s.  6d, 

Smith,  H.  F. — The  Handbook  for 
MiDWiVES.  By  Henry  Fly  Smith, 
M.B.  Oxon.  M.R.CS,  late  Assistant- 
Surgeon  at  the  Hospital  for  Sick  Women, 
Soho  Square.  With  41  Woodcuts. 
Crown  8vo.  5^. 

Smith,    R.    Bosworth.  —  Car. 

THAGE  AND  THE  CARTHAGINIANS.  By 

R.  Bosworth  Smith,  M.A.  Maps, 
Plans,  &c.    Crown  8vo.  10s.  6d. 

Smith,  Rev.  Sydney.— Wit 

AND  Wisdom  of  the  Rev.  Sydney 
Smith.  Crown  8vo.  is.  boards  ;  is.  6d. 
cloth. 

Smith,  T. — A  Manual  of  Opera- 
tive Surgery  on  the  Dead  Body. 
By  Thomas  Smith,  Surgeon  to  St. 
Bartholomew's  Hospital.  A  New  Edi- 
tion, re-edited  by  W,  J.  Walsham. 
With  46  Illustrations.    8vo.  lis. 

Southey. — The  Poetical  Works 
of  Robert  Southey,  with  the  Author's 
last  Corrections  and  Additions.  Medium 
8vo.  with  Portrait,  I4J'. 

Stanley.  —  A  Familiar  History 
op  Birds.  By  E.  Stanley,  D.D. 
Revised  and  enlarged,  with  1 60  Wood- 
cuts.   Crown  8vo.  6s, 

Steel. — A  Treatise  on  the  Dis- 
eases OP  THE  Ox;  being  a  Manual  of 
Bovine  Pathology  specially  adapted  for 
the  use  of  Veterinary  Practitioners  and 
Students.  By  J.  H.  Steel,  M.R.C.V.S. 
F.Z.S.  With  2  Plates  and  116  Wood- 
cuts.   8vo.  i^s. 

Stephen.  — Essays  in  Ecclesias- 
tical Biography.  By  the  Right  Hon. 
Sir  J.  Stephen,  LL.D.  Crown  8vo. 
"Js.  6d. 

Sttvtnson.— Works  by  Robert 
Louis  Stevenson. 
A   Child's  Garden  of  Verses. 

Small  fcp.  8vo.  5^. 

The  Dynamiter.  Fcp.  8vo.  is.  swd. 

IJ.  6d.  cloth. 
Strange  Case  of  Dr.  Jekyll  and 

Mr.  Hyde.  Fcp.  8vo.  is.  sewed ;  is.  bd. 

cloth. 


FUBLISHBD  BY  MESSRS.  LotfCMANS,  GrBBI^,  Co. 


"Stonehenge.'  — Dog  in 

Health  and  Disease.  By  'Stone- 
HENGE.'  With  84  Wood  Engravings. 
Square  crown  8vo.  1$.  6d, 

The  Greyhound.  By'STONEHENGE.' 
With  25  Portraits  of  Greyhounds,  &c. 
Square  crown  8vo.  15J. 

JStoney.  —  The  Theory  op  the 
Stresses  on  Girders  and  Similar 
Structures.  With  Practical  Observa- 
tions on  the  Strength  and  other  Properties 
of  Materials.  By  Bindon  B.  Stoney, 
LL.  D.  F.  R.  S.  M.  I.  C.  E.  With  5  Plates, 
and  143  Illustrations  in  the  Text.  Royal 
8vo.  36j-. 

iSturgis. — Thraldom:  a  Story.  By 
Julian  Sturgis.    Crown  8vo.  6s. 

Sully. —  Works  sy  James  Sully. 

Outlines  of  Psychology,  with 
Special  Reference  to  the  Theory  of  Edu- 
cation.   8vo.  1 2 J.  6d. 

The  Teacher^ s  Handbook  of 
Psychology,  on  the  Basis  of  '  Outlines 
of  Psychology. '    Crown  8vo.  6s.  6d. 

Supernatural  Religion  ;  an  In- 
quiry into  the  Reality  of  Divine  Reve- 
lation. Complete  Edition,  thoroughly 
revised.    3  vols.  8vo.  36J. 

Swinburne.  —  Picture  Logic;  an 

Attempt  to  Popularise  the  Science  of 
Reasoning.  By  A.  J.  Swinburne,  B. A. 
Post  8vo.  5j. 

IFaylor.  —  Student's  Manual  of 
the  History  of  India,  from  the  Earliest 
Period  to  the  Present  Time.  By  Colonel 
Meadows  Taylor,  C.S.I.  Crown  8vo. 
7j.  6d. 

IText-Books  of  Science :  a  Series 

of  Elementary  Works  on  Science, 
adapted  for  the  use  of  Students  in  Public 
and  Science  Schools.  Fcp.  8vo.  fully 
illustrated  with  Woodcuts.    See  p.  23. 

IThompson. —  Works  by  D.  Green- 
leaf  Thompson. 

The  Problem  op  Evil  :  an  Intro- 
duction to  the  Practical  Sciences.  8vo. 
10s.  6d, 

.  A  System  of  Psychology,  2  vols. 
8vo.  36^. 
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Thomson  s  Conspectus. — Adapted 

to  the  British  Pharmacopoeia  of  1885. 
Edited  by  Nestor  Tirard,  M.D.  Lond. 
F.R.C.P.  New  Edition,  with  an  Ap- 
pendix containing  notices  of  some  of  the 
more  important  non-official  medicmes 
and  preparations.    i8mo.  6s. 

Thomson. — An  Outline  of  the 
Necessary  Laws  of  Thought ;  a 
Treatise  on  Pure  and  Applied  Logic.  By 
W.  Thomson,  D.D.  Archbishop  of 
York.    Crown  8vo.  6s. 

Three  in  Norway.   By  Two  of 

Them.  With  a  Map  and  59  Illustra- 
tions on  Wood  from  Sketches  by  the- 
Authors.  Crown  8vo.  zs.  boards ;  2s.  6</. 
cloth. 

Todd.  —  On  Parliamentary  Go- 
vernment IN  England:  its  Origin,. 
Development,  and  Practical  Operation. 
By  Alpheus  Todd,  LL.D,  C.M.G. 
Librarian  of  Parliament  for  the  Dominioa 
of  Canada.  Second  Edition,  by  his  Son. 
In  Two  Volumes — Vol.  I.    8vo.  24J-. 

Trevelyan. —  Works  by  the  Right 
Hon.  Sir  G.  O.  Trevelyan, Bart. 

The  Life  and  Letters  of  Lord 
Macaulay. 

Library  Edition,  2  vols.  8vo.  36J. 
Cabinet  Edition,  2  vols,  crown  8vo. 

\2S. 

Popular  Edition,  i  vol.  crown  8vo. 
6s. 

The  Early  History  of  Charles 
James  Fox.  Library  Edition,  8vo.  i8j. 
Cabinet  Edition,  crown  8vo.  6s. 

Trollope. — Novels  by  Anthony 
Trollope. 

The   Warden.     Crown   8vo.  is. 

boards  ;  is,  6d.  cloth. 

Barchester  Towers.  Crown  8vo. 
\s.  boards  ;  \s.  6d.  cloth. 

Twiss. —  Works  BY  Sir  Travers 
Twiss. 

The  Eights  and  Duties  of  Na- 
tions, considered  as  Independent  Com- 
munities in  Time  of  War.    8vo.  21s, 

The  Rights  and  Duties  op 
Nations  in  Time  op  Peace.  8vo. 
iS-f. 
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Tyndall.  —  Works  by  John  Tyn- 

DALLy  F.R.S.  ^C. 

Fragments  of  Science.  2  vols, 
crown  8vo.  16^. 

Heat  A  Mode  of  Motion.  Crown 

8vO.  I2J. 

Sound.  With  204  Woodcuts. 
Crown  8vo.  los.  6d. 

Essays  on  the  Floating-Matter 
of  the  Air  in  relation  to  Putrefaction 
and  Infection.  With  24  Woodcuts. 
Crown  8vo.  "js.  6d. 

Lectures  on  Light,  delivered  in 
America  in  1872  and  1873.  With  57 
Diagrams.    Crown  8vo.  5j-. 

Lessons  in  Electricity  at  the 
J^OYAL  Institution,  1875-76.  With 
58  Woodcuts.    Crown  8vo.  2s.  6ci. 

JVoTES  OF  A  Course  of  Seven 
Lectures  on  Electrical  Pheno- 
mena AND  Theories,  delivered  at  the 
Royal  Institution.  Crown  8vo.  is.  sewed, 
ij.  6d.  cloth. 

Notes  of  a  Course  of  Nine  Lec- 
tures ON  Light,  delivered  at  the  Royal 
Institution.  Crown  8vo.  is.  sewed,  is.  6d. 
cloth. 

Faraday  as  a  Discoverer.  Fcp. 
8vo.  3J-.  6d. 

Ville. — On  Artificial  Manures, 

their  Chemical  Selection  and  Scientific 
Application  to  Agriculture.  By  Georges 
Ville.  Translated  and  edited  by  W. 
Crookes,  F.R.S.  With  31  Plates. 
8vo.  2IJ. 

Virgil. — PuBLi   Vergili  Maronis 

BucoLiCA,  Georgica,  Mneis  ;  the 
Works  of  Virgil,  Latin  Text,  with 
English  Commentary  and  Index.  By 
B.  H.  Kennedy,  D.D.  Crown  8vo. 
\os.  6d. 

The  jEneid  of  Virgil.  Translated 
into  English  Verse.  By  J.  Conington, 
M.A.    Crown  8vo.  ^s. 

The  j/Eneid  of  Virgil  freely 
Translated  into  English  Blank 
Verse.  By  William  J.  Thornhill, 
B.A.    Crown  8vo.  7^.  ()d. 

The  Poems  of  Virgil.  Translated 
into  English  Prose.  By  JOHN  CONING- 
TON,  M.A.    Crown  8vo.  9^. 


Vitzthum. — ^7",  Petersburg  and 
London  in  the  Years  1852- 1864: 
Reminiscences  of  Count  Charles  Fred- 
erick Vitzthum  von  Eckstoedt,  late 
Saxon  Minister  at  the  Court  of  St.  James'. 
Edited,  with  a  Preface,  by  Henry  Reeve 
C.B.  D.C.L.    2  vols.  8yo.  30^.  ' 

Walker.  —  The  Correct  Card; 
or.  How  to  Play  at  Whist ;  a  Whist 
Catechism.  By  Major  A.  Campbell- 
Walker,  F.R.G.S.    Fcp.  8vo.  2s.  6d. 

Walpole. — History  of  England 
FROM  THE  Conclusion  of  the  Great 
War  in  1815.  By  Spencer  Walpole. 
S  vols.  8vo.  Vols.  I.  and  II.  1815-1832, 
2,6s.  ;  Vol.  III.  1832-1841,  i8j.;  Vols.  IV. 
and  V.  1841-1858,  36J. 

Waters.  —  Parish  Pegisters  in 
England:  their  History  and  Contents. 
With  Suggestions  for  Securing  their  better 
Custody  and  Preservation.  By  Robert 
E.  Chester  Waters,  B.A.    8vo.  5^-. 

Watts. — A  Dictionary  OF  Chemis- 
try AND  THE  Allied  Branches  of 
other  Sciences.  Edited  by  Henry 
Watts,  F.R.S.  9  vols,  medium  8vo. 
£iS,'  2s.  dd. 

Webb. — Celestial  Objects  for 
Common  Telescopes.  By  the  Rev. 
T.  W.  Webb.  Map,  Plate,  Woodcuts. 
Crown  8vo.  <js. 

Webb.  —  The  Veil  of  Isis  :  a 
Series  of  Essays  on  Idealism.  By  Thomas 
W.  Webb,  LL.D.   8vo.  \os.  6d. 

Wellington. — Life  of  the  Duke 
OF  Wellington.  By  the  Rev.  G.  R. 
Gleig,  M.A.  Crown  8vo.  Portrait, 
6s. 

West. —  Works  by  Charles  West, 

M.D.  Founder  of,  and  formerly 

Physician  to,  the  Hospital  for  Sick 
Children.  . 

Lectures  on  the  Diseases  of  In- 
fancy and  Childhood.    8vo.  i%s. 

The  Mother's  Manual  of  Chil- 
dren's Diseases.    Crown  8vo.  2s.  6d, 

Whately.  —  English  Synonyms. 
By  E.  Jane  Whately.  Edited  by  her 
Father,  R.  Whately,  D.D.  Fcp.  Svo. 
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^  Whately. —  Works  by  H.  Whately^ 

D.D. 

Elements  of  Logic.    Crown  8vo. 

Elements  of  Rhetoric.  Crown 

8vo.  4f.  dd. 
Lessons  on  Reasoning.    Fcp.  8vo. 

I  J.  6</. 

Bacon's  Essays,  with  Annotations. 
8vo.  I  or.  6d. 

^ White  and  Riddle.—^  Latin-Eng- 
lish Dictionary.  By  J.  T.  White, 
D.D.  Oxon.  and  J.  J.  E.  Riddle,  M.A. 
Oxon.  Founded  on  the  larger  Dictionary 
ofFreund.    Royal  8vo,  2ij. 

^  White. — A    Concise  Latin-Eng- 
lish Dictionary,  for  the  Use  of  Ad- 
vanced Scholars  and  University  Students 
By  the  Rev.  J.  T.  White,  D.D.  Royal 
8vo.  1 2 J. 

^Wilcocks. — The  Sea  Eisner  man. 
Comprising  the  Chief  Methods  of  Hook 
and  Line  Fishing  in  the  British  and  other 
Seas,  and  Remarks  on  Nets,  Boats,  and 
Boating.  By  J.  C.  WiLCOCKS.  Pro- 
fusely Illustrated.    Crown  8vo.  6j. 

\Wilkins.  —  The  Groivth  of  the 
Homeric  Poems  :  a  Discussion  of  their 
Origin  and  Authorship.  By  Georgk 
WiLKiNS,  M.A.  late  Scholar,  Trinity 
College,  Dublin.    8vo.  6s. 

VWilkinson. — The  Friendly  So- 
ciety Movement:  Its  Origin,  Rise,  and 
Growth;  its  Social,  Moral,  and  Educational 
Influences. — The  Affiliated  Orders. 
— By  the  Rev.  John  Frome  Wilkinson, 
M.A.    Crown  8vo.  2s.  6d. 

\iWilliams. —  Manual  of  Tele- 
graphy. By  W.  Williams,  Superin- 
tendent of  Indian  Government  Telegraphs. 
Illustrated  by  93  Wood  Engravings.  8vo, 
los.  6d. 

IWillich.  —  Popular    Tables  for 

giving  Information  for  ascertaining  the 
value  of  Lifehold,  Leasehold,  and  Church 
Property,  the  Public  Funds,  &c.  By 
Charles  M.  Willich.  Edited  by 
H.  Bence  Jones.    Crown  8vo.  ioj,  bd. 

■Wilson. — A  Manual  of  Health- 
Science,  Adapted  for  Use  in  Schools 
and  Colleges,  and  suited  to  the  Require- 
ments of  Students  preparing  for  the  Ex- 
aminations in  Hygiene  of  the  Science 
and  Art  Department,  &c.  By  Andrew 
Wilson,  F.R.S.E.  F.L.S.  &c.  With 
74  Illustrations.    Crown  8vo.  2s.  6d. 


Witt. —  Works  by  Prof.  Witt. 
Translated  from  the  German  by  FiuVNCES 
Younghusband. 

The  Trojan  War.  With  a  Preface 
by  the  Rev.  W.  G.  Rutherford,  M.A. 
Head-Master  of  Westminster  School. 
Crown  8vo.  2s. 

Myths  OF  Hellas;  or,  Greek  Tales. 
Crown  8vo.  3^.  (>d. 

The  Wanderings  of  Ulysses, 
Crown  8vo.  y.  6d. 

Wood.— Works  by  Rev.  J.  G. 
Wood. 

Homes  Without  Hands  ;  a  De- 
scription of  the  Habitations  of  Animals, 
classed  according  to  the  Principle  of  Con- 
struction. With  140  Illustrations.  8vo. 
loj.  6d. 

Lnsects  a  t  Home  ;  a  Popular 
Account  of  British  Insects,  their  Struc- 
ture, Habits,  and  Transformations.  With. 
700  Illustrations.    8vo.  loj.  6d. 

Insects  Abroad;  a  Popular  Account 
of  Foreign  Insects,  their  Structure, 
Habits,  and  Transformations.  Withi 
600  Illustrations.    8vo.  loj'.  6d. 

Bible  Animals  ;  a  Description  of 
every  Living  Creature  mentioned  in  the 
Scriptures.  With  112  Illustrations.  8vo» 
lOJ.  6d. 

Strange  Dwellings  ;  a  Description 

of  the  Habitations  of  Animals,  abridged 
from  '  Homes  without  Hands. '  With 
60  Illustrations.  Crown  8vo.  5^.  Popular 
Edition,  4to.  6d. 

Horse  and  Man:  their  Mutual 
Dependence  and  Duties.  With  49-  Illus- 
trations.   8vo.  14^. 

Illustrated  Stable  Maxima.  To 
be  hung  in  Stables  for  the  use  of  Grooms, 
Stablemen,  and  others  who  are  in  charge 
of  Horses.    On  Sheet,  4J. 

Out  of  Doors;   a   Selection  of 

Original  Articles  on  Practical  Natural 
History.  With  n  Illustrations.  Crown 
8vo.  5^. 

Common  British  Insects:  Beetles, 
Moths,  and  Butterflies.  Witli  130 
Illustrations .    Crown  8vo.  3J.  6d. 

Petland  Revisited.  With  33 
Illustrations.    Crown  8vo.  7^.  6d. 
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Wood.  —  Works  by  Rev.  J.  G. 
Wood — continued. 

The  following  books  are  extracted  from  other 
works  by  the  Rev.  J.  G.  Wood  {see  p.  21)  : 

The  Branch  Builders.  Fully 
Illustrated.  Crown  8vo.  2s.  6d.  cloth 
extra,  gilt  edges. 

Wild  Animals  of  the  Bible. 
Fully  Illustrated.  Crown  8vo.  ■^s.  6d. 
cloth  extra,  gilt  edges. 

Domestic  Animals  of  the  Bible. 
Fully  Illustrated.  Crown  8vo.  2>^.  6d. 
cloth  extra,  gilt'  edges. 

Birds  of  the  Bible.  Fully  lUus- 
Illustrated.  Crown  8vo.  3^.  6d.  cloth 
extra,  gilt  edges. 

Wonderful  Nests.  Fully  Illustrated. 
Crown  Svo.  3^.  6d.  cloth  extra,  gilt  edges. 

Homes  Underground.  Fully  Illus- 
trated. Crown  Svo.  3^.  6d.  cloth  extra, 
gilt  edges. 

Wood-Martin.  —  The  Lake 
Dwellings  of  Ireland:  or  Ancient 
Lacustrine  Habitations  of  Erin,  common- 
ly called  Crannogs.  By  W.  G.  WOOD- 
Martin,  M.R.I. a.  Lieut. -Colonel  8th 
Brigade  North  Irish  Division,  R.A. 
With  50  Plates.    Royal  Svo.  25^. 

V^vi^ht.—IliP  Disease  in  Child- 
hood, with  Special  Reference  to  its  Treat- 
ment by  Excision.  By  G.  A.  Wright, 
B.A.  M.B.Oxon.  F.R.C.S.Eng.  With 
48  Original  Woodcuts.    Svo.  los.  6d. 

Wylie.  —  History  of  England 
under  Henry  the  Fourth.  By  James 
Hamilton  Wylie,  M.A.  one  of  Her 
Majesty's  Inspectors  of  Schools.  {2  vols. ) 
Vol.  I,  crown  Svo.  loj.  6d. 

Wylie.  —  Labour,  Leisure,  and 
Luxury;  a  Contribution  to  Present 
Practical  Political  Economy.  By 
Alexander  Wylie,  of  Glasgow.  Crown 
Svo.  I  J, 


Youatt.  —  Works    by  William 

You  ATT, 

The  Horse.  Revised  and  enlarged 
by  W.  Watson,  M.R.C.V.S.  Svo. 
Woodcuts,  7j.  6d. 

The  Dog.  Revised  and  enlarged. 
Svo.  Woodcuts.  6s. 

Younghusband.— Story  of 
Our  Lord,  told  in  Simple  Language 
FOR  Children.  By  Frances  Young- 
husband.  With  25  Illustrations  on  Wood 
from  Pictures  by  the  Old  Masters,  and 
numerous  Ornamental  Borders,  Initial 
Letters,  &c.  from  Longmans'  Illustrated 
New  Testament.  Crown  Svo.  2s.  6d.  cloth 
plain ;       6d.  cloth  extra,  gilt  edges. 

Zeller.  —  Works  by  Dr.  E. 
Zeller. 

History  OF  Eclecticism  in  Greek 
Philosophy.  Translated  by  Sarah 
F.  Alleyne.    Crown  Svo.    \os.  6d. 

The  Stoics,  Epicureans,  and 
Sceptics.  Translated  by  the  Rev.  0. 
J.  Reichel,  M.A.    Crown  Svo.  15J. 

Socrates  and  the  Socratic 
Schools.  Translated  by  the  Rev.  O.  J. 
Reichel,  M.A.    Crown  Svo.  10s.  6d. 

Plato  and  the  Older  Academy. 
Translated  by  Sarah  F.  Alleyne  anJ 
Alfred  Goodwin,  B.A.  Crown  Svo. 
\%s. 

The  Pre-Socra  tic  Schools  ;  a  His- 
tory of  Greek  Philosophy  from  the  Earliest 
Period  to  the  time  of  Socrates.  Trans- 
lated by  Sarah  F.  Alleyne.  2  vols, 
crown  Svo.  30J. 

Outlines  of  the  History  op 
Greek  Philosophy.  Translated  by 
Sarah  F.  Alleyne  and  Evelyn 
Abbott.    Crown  Svo.  loj.  (>d. 
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TEXT-BOOKS    OF  SCIENCE. 


Photography.    By  Captain  W.  De  Wive- 

LESHE  Abney,  F.R.S.  late  Instructor  in  Chemis- 
try and  Photography  at  the  School  of  Military 
Engineering,  Chatham.  With  105  Woodcuts.  ^s.6d. 

On  the  Strength  of  Materials  and 

Structures :  the  Strength  of  Materials  as  depend- 
ing on  their  quality  and  as  ascertained  by  Testing 
Apparatus  ;  the  Strength  of  Structures,  as  depend- 
ing on  their  form  and  arrangement,  and  on  the 
materials  of  which  they  are  composed.  By  Sir  J. 
Anderson,  C.E.    3^.  6d. 

Introduction  to  the  Study  of  Organic 

Chemistry :  the  Chemistry  of  Carbon  and  its  Com- 
pounds. By  Henry  E.  Armstrong,  Ph.D. 
F.C.S.    With  8  Woodcuts.    3^.  6rf. 

Elements  of  Astronomy.   By  Sir  R.  S. 

Ball,  LL.D.  F.R.S.  Andrews  Professor  of  Astro- 
nomy in  the  Univ.  of  Dublin,  Royal  Astronomer 
of  Ireland.    With  136  Woodcuts.  6s. 

Railway  Appliances.    A  Description  of 

Details  of  Railway  Construction  subsequent  to  the 
completion  of  Earthworks  and  Masonry,  including 
a  short  Notice  of  Railway  Rolling  Stock.  By  J. 
W.  Barry.    With  207  Woodcuts.    3i.  od. 

Systematic  Mineralogy.     By  Hilary 

Bauerman,  F.G.S.  Associate  of  the  Royal  School 
of  Mines.    With  373  Woodcuts.  6s. 

Descriptive  Mineralogy.    By  the  same 

Author.  With  236  Woodcuts.  6s. 

Metals,  their  Properties  and  Treat- 

ment.  By  C.  L.  Bloxam  and  A.  K.  Hunting- 
ton, Professors  in  King's  College,  London.  With 
130  Woodcuts.  SJ. 

Practical  Physics.  By  R.  T.  Glaze- 
brook,  M.A.  F.R.S.  and  W.  N.  Shaw,  M.A. 
With  62  Woodcuts.  6s. 

Physical  Optics.   By  R.  T.  Glazebrook, 

M.A.  F.R.S.  Fellow  and  Lecturer  of  Trin.  Coll. 
Demonstrator  of  Physics  at  the  Cavendish  Labora- 
tory, Cambridge,    With  183  Woodcuts.  6s. 

The  Art  of  Electro-Metallurgy,  in- 
cluding all  known  Processes  of  Electro-Deposition. 
By  G.  Gore,  LL.D.  F.R.S.  With  56  Wood- 
cuts. 6s. 

Algebra  and  Trigonometry.  By  the  Rev. 

William  Nathaniel  Griffin,  B.D.   31.  6d. 

Notes  on  the  Elements  of  Algebra 

Trigonometry.  With  Solutions  of  the  more 
difficult  Questions.  By  the  Rev.  W.  N.  Griffin, 
B.D.    3J.  6d. 

The  Steam  Engine.    By  George  C.  V. 

Holmes,  Whitworth  Scholar;  Secretary  of  the 
Institution  of  Naval  Architects.  With  ajz  Wood- 
cuts. 6s. 


Electricity  AND  Magnetism.  By  Fleem- 

ING  JEnkin,  F.R.SS.  L.  &  E.  late  Professor  of 
Engineering  in  the  University  of  Edinburgh,  -^s.  6d. 

Theory  of  Heat.  By  J.  Clerk  Maxwell, 

M.A.  LL.D.  Edin.  F.R.SS.  L.  &  E.  With  41 
Woodcuts.   3^.  6d. 

Technical  Arithmetic  and  Mensura- 

tion.  By  Charles  W.  Merrifield,  F.R.S. 
3i.  6d. 

Key   to  Merrifield' s   Text-Book  of 

Technical  Arithmetic  and  Mensuration.  By  the 
Rev.  John  Hunter,  M.A.  formerly  Vice-Prin- 
cipal of  the  National  Society's  Training  College, 
Battersea.   3.;.  6d 

Introduction  to  the  Study  of  Inor- 

fanic  Chemistry.  By  William  Allen  Miller, 
I.D.  LL.D.  F.R.S.   With  71  Woodcuts.  3^.6^. 

Telegraphy.     By  W.  H.  Preece,  C.E. 

and  J.  SiVEWRiGHT,  M.A.  With  160  Wood- 
cuts. 5J. 

The  Study  of  Rocks,    an  Elementary 

Text-Book  of  Petrology.  By  Frank  Rutley, 
F.G.  S.  of  Her  Majesty's  Geological  Survey.  With 
6  Plates  and  88  Woodcuts.   4^.  6d. 

Workshop  Appliances,  including  Descrip- 
tions of  some  of  the  Gauging  and  Measuring  In- 
struments—Hand Cutting  Tools,  Lathes,  Drilling,, 
Planing,  and  other  Machine  Tools  used  by  Engi- 
neers. By  C.  P.  B.  Shelley,  M.I.C.E.  With 
292  Woodcuts.    4^.  6d. 

Structural  and  Physiological  Botany, 

By  Dr.  Otto  Wilhelm  Thom^,  Professor  of 
Botany,  School  of  Science  and  Art,  Cologne. 
Translated  by  A.  W.  Bennett,  M.A.  B.Sc. 
F.L.S.   With  600  Woodcuts.  6^. 

Quantitative  Chemical  Analysis.  By 

T.  E.  Thorpe,  F.R.S.E.  Ph.D.  Professor  of 
Chemistry  in  the  Andersonian  University,  Glasgow- 
With  88  Woodcuts.   \s.  6d. 

Manual  of  Qualitative  Analysis  and 

Laboratory  Practice.  By  T.  E.  Thorpe,  Ph.D. 
F.R.S.E.  Professor  of  Chemistry  in  the  Ander- 
sonian University,  Glasgow ;  and  M.  M.  Pattison 
MuiR.   3f.  6d. 

Introduction  to  the  Study  of  Chem- 

ical  Philosophy;  the  Principles  of  Theoretical, 
and  Systematical  Chemistry.  By  William  A. 
Tilden,  B.Sc.  London,  F.C.S.  With  s  Wood- 
cuts.   3i.  td.    With  Answers  to  Problems,  4f .  6d. 

Elements  of  Machine  Design;  an  Intro- 
duction to  the  Principles  which  determine  the 
Arrangement  and  Proportion  of  the  Parts  of 
Machines,  and  a  Collection  of  Rules  for  Machine 
Designs.  By  W.  Cawthorne  Unwin,  B.Sc. 
Assoc.  Inst.  C.E.    With  325  Woodcuts.  6s. 

Plane  and  Solid  Geometry.  By  the  Rev. 

H.  W.  Watson,  formerly  Fellow  of  Trinity 
College,  Cambridge.    3^.  6d. 
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EPOCHS  OF  ANCIENT  HISTORY. 

Edited  by  the  Rev.  Sir  G.  W.  Cox,  Bart.  M.A.  and  by  C.  Sankey,  M.A.    io  Volumes 
fcp.  8vo.  with  numerous  Maps,  Plans,  and  Tables,  price  2s.  6d.  each  volume. 
The  Gracchi,  Marius,  and  Sulla.  By 

A.  H.  Beeslv,  M.A. 

The  Early  Roman  Empire.    From  the 


Assassination  of  Julius  Caesar  to  the  Assassination 
of  Domitian.  By  the  Rev.  W.  Wolfe  Capes,  M.A. 

The  Roman  Empire  of  the  Second  Cen- 

iitry,  or  the  Age  of  the  Antonines.  By  the  Rev. 
W.  Wolfe  Capus,  M.A. 

The  Athenian  Empire.    From  the  Flight 

loi  Xerxes  to  the  Fall  of  Athens.  By  the  Rev. 
Sit  G.  W.  Cox,  Bart.  M.A. 


By  the 


The  Greeks  and  the  Persians. 

Rev.  Sir  G.  W.  Cox,  Bart.  M.A. 

The  Rise  of  the  Macedonian  Empire. 

By  Arthur  M.  Corteis,  M.A. 

Rome  to  its  Capture  by  the  Gauls. 

By  WiLHKLM  Ihne. 

The  Roman  Triumvirates.   By  the  Very 

Rev.  Charles  Merivale,  D.D. 

The  Spartan  and  Theban  Supremacies. 

By  Charles  Sankey,  M.A. 

Rome  and  Carthage,  the  Punic  Wars. 
By  R.  Bosworth  Smith,  M.A. 


EPOCHS  OF  MODERN  HISTORY. 

Edited  by  C.  Colbeck,  M.A.     i8  vols,  fcp,  8vo.  with  Maps,  price  2s.  6d.  each  volume. 


The  Normans  in  Europe.    By  Rev.  A. 

H.  Johnson,  M.A. 
The  Crusades.    By  the  Rev.  Sir  G.  W. 

Cox,  Bart.  M.A. 

The  Beginning  of  the  Middle  Ages. 

By  R.  W.  Church,  D.D.  Dean  of  St.  Paul's. 

The    Early    Plantagenets.     By  W. 

Stubbs,  D.D.  Bishop  of  Chester. 

Edward  the  Third.     By  the  Rev.  W. 
Warburton,  M.A. 

The  Houses  of  Lancaster  and  York. 

By  James  Gairdner. 
The  Early  Tudors.    By  the  Rev.  C.  E. 

Moberlv,  M.A. 

The  Era  of  the  Protestant  Revolu- 

tion.    By  F.  Seebohm. 

The  First  Two  Stuarts  and  the  Puri- 

tan  Revolution,  1603-1660.  By  Samuel  Rawson 
Gardiner. 


The  Age  of  Elizabeth.    By  the  Rev.  M. 
Creighton,  M.A.  LL.D. 

The  Fall  of  the  Stuarts  ;  and  Western 

Europe  from  1678  to  1697.  By  the  Rev.  Edward 
Hale,  M.A. 

The  Age  of  Anne.    By  E.  E.  Morris, 

M.A. 

The  Thirty  Years'  War,  1618-1648.  By 

Samuel  Rawson  Gardiner. 
The  Early  Hanoverians.     By  E.  E. 

Morris,  M.A. 

Frederick  the  Great  and  the  Seven 

Years'  War.    By  F.  W.  Longman. 

The  War  of  American  Independence, 

1775-1783.   By  J.  M.  Ludlow. 

The  French  Revolution,  1789-1795.  By 

Mrs.  S.  R.  Gardiner. 

The  Epoch  of  Reform,  1830-1850.  By 

Justin  M'Carthv,  M.P. 


EPOCHS  OF  ENGLISH  HISTORY. 


Edited  by  the  Rev.  Mandell  Creighton,  M.A 
Early  England  to  the  Norman  Con- 

qiiest.    By  F.  York  Powell,  M.A.  xs. 

England  a  Continental  Power,  1066- 

1216.    By  Mrs.  Mandell  Creighton.  g(/. 

Rise  of  the  People  and  the  Growth  of 

Parliament,    1215-1485.    By  James  Rowlev, 
M.A.  ^d. 

Tudors  and  the  Reformation,  140S- 

1603.   By  the  Rev.  Mandell  Creighton.  ()(f. 


Struggle  against  Absolute  Monarchy, 

1603-1688.  By  Mrs.  S.  R.  Gardiner,  gd. 

Settlement    of    the  Constitution, 
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